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Abstract 
The Swedish Fortifications Agency has a long history in the design and maintenance 
of military fortifications and recently published a revised version of their design 
regulations; FKR 2011. These regulations can be said to represent the traditional 
Swedish view of the design of impulse loaded concrete structures and differs from the 
regulations normally used (i.e. Eurocode) for static design in Sweden today. Further, 
even though many parts of the content of FKR 2011 are similar to that of 
corresponding regulations in other countries it is not identical.  
The purpose of this project was to assess different regulations for the design of 
reinforced concrete structures subjected to impulse loading. The focus was on 
FKR 2011 and its applicability for some common design criteria. One aim was to 
compare FKR 2011 with other similar regulations in order to identify similarities and 
differences to these; and if necessary, recommend possible improvements. Another 
aim was to provide an improved basis in order to give general recommendations of 
further investigations that is deemed necessary. 
The main subjects compared were how the different regulations treated material 
strength, bending moment, shear and spalling/breaching. The comparisons were made 
based on the concept/expressions used in the respective regulations, and using several 
case studies of a simply supported slab strip of different geometry, concrete strength 
and reinforcement amount. Based on this it was concluded that the concept used for 
bending stiffness and moment capacity was similar in all the recommendations 
compared. Further, the method used in FKR for plastic deformation capacity is based 
on an older, today non-existing, reinforcement type and there is a need of further 
comparisons of the method used. The concept used in FKR for shear differs much 
compared with the regulations compared and it is suggested that further development 
of it should be made. Finally, the concept used for spalling and breaching is deemed 
to be okay to use.  
 
Key words: impulse load, reinforced concrete structure, bending moment, plastic 
deformation capacity, shear, spalling and breaching, regulation 
comparison  
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1 Introduction 
1.1 Background 
It is of growing interest to innovate the structural design of concrete structures 
subjected to impulse loading; not only in military context, but also in civil 
applications. The Swedish Fortifications Agency has a long history in the design and 
maintenance of military fortifications and recently published a revised version of their 
design regulations; FKR 2011, Fortifikationsverket (2011). These regulations are to a 
large extent based on Swedish knowledge gathered during the 1970s and can be said 
to represent the traditional Swedish view of the design of impulse loaded concrete 
structures.  
Due to its background and aim of use the regulations in FKR 2011 differs from the 
regulations normally used (i.e. Eurocode) for static design in Sweden today. In respect 
to ease-of-use, though, there would be an advantage if the conceptual difference of 
these regulations could be minimised as much as possible. Further, even though many 
parts of the content of FKR 2011 are similar to that of corresponding regulations in 
other countries it is not identical. Hence, a comparison of such regulations is of 
interest.  
There is also ongoing research in e.g. Sweden on concrete structures subjected to 
impulse loading. The development of materials and innovation in application 
introduce needs for change in the design regulations used for designing fortified 
structures. On the basis, that there is a growing interest in using new types of 
concrete, such as fibre reinforced and/or high strength concrete, the design regulations 
could be outdated. This further motivates an assessment of the concurrent regulations. 
 
1.2 Purpose and aim 
The purpose of this project was to assess different regulations for the design of 
reinforced concrete structures subjected to impulse loading. The focus was on the 
Swedish design regulation FKR 2011, Fortifikationsverket (2011), and its 
applicability for some common design criteria. One aim was to compare FKR 2011 
with other similar regulations in order to identify similarities and differences to these; 
and if necessary, recommend possible improvements. Another aim was to provide an 
improved basis in order to give general recommendations of further investigations that 
is deemed necessary, e.g. to incorporate the effect of new types of material such as 
fibre reinforced concrete and high strength concrete, which might lead to changes in 
the regulations. 
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1.3 Method 
The project was carried out by a comparison of different common design criteria. As 
subject for this study a simply supported, reinforced concrete slab-strip, subjected to 
an evenly distributed impulse load was used. The expressions given in the regulations 
compared are presented, and when deemed possible, also physically explained in the 
report. Case studies are then carried out in order to illustrate the effect of different 
parameters and the results are compared and discussed. Based on this the accuracy 
and functionality of FKR 2011 is commented and recommendations are given for 
possible improvements  
The regulations compared in this report are briefly presented in Section 2.1: 
 FKR 2011, Fortifikationsverket (2011): Swedish regulation, impulse loading. 
 Eurocode 2, SIS (2008): European regulation, static loading. 
 UFC 3-340-02, DOD (2008): American regulation, impulse loading. 
 Cormie et al. (2009): British regulation, impulse loading. 
 
1.4 Limitations 
This report is limited to the comparison of the structural response of reinforced 
concrete structures only. Hence, background for the resulting load from an explosion 
is not treated, and neither is dynamic analyses or equivalent methods (e.g. pressure-
impulse relations) used here for such a load. The report is limited to the comparison of 
a strip in a one-way, simply supported slab. Hence, the expressions presented in the 
report are adapted to this case 
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2 General overview of report 
2.1 Design regulations compared 
In this report four different regulations are compared. These regulations are briefly 
described below in order to give a basic background for them being included in the 
comparison. Of these all but Eurocode 2 are design regulations specialised to be used 
for impulse loaded structures.  
 FKR 2011, Fortifikationsverket (2011): This is the present design 
regulations of Swedish Fortifications Agency (Fortifikationsverket) for 
buildings and facilities that requires physical protection. FKR 2011 consists of 
three parts: FortLast, FortMaterial and FortSkydd (Load, Material and 
Protection), of which mainly FortSkydd, and some parts of FortMaterial, are 
treated in this report. These regulations are a compilation of a large number of 
reports, particularly from the Swedish Fortifications Agency and Swedish 
Defence Research Agency, and their various predecessors. The methodology 
described in FKR 2011 can be said to represent the traditional Swedish view 
of how to determine, and design against, the effect of an impulse load from an 
explosion. The regulation is in this report referred to as FKR. 
 Eurocode 2, SIS (2008): This code is used in large parts of Europe and 
regulates the design of concrete structures; normally subjected to static loads. 
Hence, it is of interest to clarify in what way this code agrees and disagrees 
with the methodology used for impulse loaded structures. Since Eurocode 2 is 
used in several European countries there are some parameters that may be 
chosen individually by each country. If nothing else is mentioned the Swedish 
national choice for these parameters have been used. The regulation is in this 
report referred to as Eurocode 2. 
 UFC 3-340-02, DOD (2008): This reference is published by the Department 
of Defence in US and contains a very large amount of information on both 
impulse loads and the structural response of different type of situations. This 
reference is considered here to represent the American approach to how an 
impulse-loaded structure should be handled and are hereafter referred to as 
UFC. 
 Cormie et al. (2012): This reference is a book composed of independent 
chapters written by a little over ten different individuals with recognized 
expertise within the field of explosion loads and structural response due to 
impulse loading. The diversity of fields treated is larger than in UFC, but with 
a much more limited extent. This reference is considered here to represent the 
British approach to how an impulse-loaded structure should be handled and 
are hereafter referred to as Cormie et al. 
A somewhat similar comparison of the references mentioned above has also been 
made in Johansson (2015a). Material from this reference has also partly been used in 
this report.  
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2.2 Studied topics 
Based on the different design regulations presented in Section 2.1 a comparison is 
made regarding the following topics: 
 Material strength 
o Influence of protection level 
o Design strength 
 Bending moment 
o Moment capacity 
o Plastic deformation capacity  
o Elastic stiffness  
o Reinforcement requirements 
 Shear 
o Design shear force 
o Shear capacity 
o Reinforcement requirements 
o Direct shear 
 Spalling and breaching 
How these topics are handled in different design regulations are described in 
Chapter 3 to 6. The effect of these regulations is then presented and compared in 
Chapter 7, using a case study of a simply supported strip of a one-way slab subjected 
to an evenly distributed impulse load.  
 
2.3 Equivalent static load 
The term equivalent static load is in this report used to denote the static load that 
corresponds to the situation that the dynamically loaded structure experiences at the 
moment when its maximum load capacity is reached. For a structure with a linear 
elastic response, see Figure 2.1a, this means that the maximum displacement obtained 
is the same for the case of a dynamic load and an equivalent static load. For a 
structure with an elastoplastic response, as schematically illustrated in Figure 2.1b, the 
equivalent plastic load will be the same as the load capacity RRd. For such a structure 
it is the combination of load capacity and plastic deformation capacity that together 
governs the final value of the equivalent static load.  
 
u 
R 
Wi 
uel 
k 
 
 
u 
R 
RRd 
Wi 
utot uel 
utot = uel + upl 
k 
stiffness k when 
unloading 
 
(a) (b) 
Figure 2.1 Schematic structural response of structure: (a) linear elastic response; 
(b) elastoplastic response. 
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The resulting equivalent static load of a given dynamic load depends on the mass, 
stiffness, load capacity and plastic deformation capacity of the loaded structure. 
Consequently, it is not possible to determine an equivalent static load just based on 
the dynamic load; the response of the structure is also of essential importance. 
For a structure with an elastoplastic response that obtains plastic deformation, the 
equivalent static load qeq corresponds to the design strength qRd of the structure. 
Hence, for such a case the equivalent static load can be defined as a function of the 
load capacity with regard to bending moment MRd and plastic deformation capacity 
uRd. Hence, if the deformation capacity is sufficient, i.e. upl,1 ≤ uRd, the equivalent 
static load qeq can, for a simply supported slab strip of a one-way slab subjected to an 
evenly distributed load, be determined as 
2
8
lb
M
qq RdRdeq


  (2.1) 
where b and l are the width and length, respectively, of the slab strip. For a simply 
supported beam subjected to an evenly distributed load qeq this means that the total 
load capacity RRd can be determined as 
l
M
lbqR RdRdRd


8
 (2.2) 
What is here referred to as equivalent static load qeq is in FKR referred to as design 
strength qRd. However, since the practical meaning of these two terms is the same in 
regard to what is discussed in this document the term equivalent load is used 
throughout the report. 
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3 Material 
3.1 Orientation 
None of the regulations compared in this report include any instructions of how to 
handle fibre reinforced concrete. Hence, in the comparison made here only ordinary 
concrete is treated. In the literature, though, there exist different regulations of how to 
design concrete structures using fibre reinforced concrete, e.g. SIS (2014). As in 
Eurocode 2, these regulations assume static loading and static response of the 
structure, and even though there should be good opportunities to use such guidelines 
even for impulse loaded structures there may still be areas that are unclear how they 
are affected to such load situations. 
 
3.2 Influence of protection level 
3.2.1 FKR 
In FKR the material design strength and design coefficients are affected by the 
function availability and protection level for the structure studied. The function 
availability is defined according to Table 3.1 and the protection level according to 
Table 3.2. The highest level of protection of a structure corresponds to protection 
level A; this level more or less indicates that only elastic structural response is 
accepted. Protection level C, on the other hand, allows the largest damage on the 
structure and can be interpreted that the structure is fully utilised just prior to failure; 
i.e. it is assumed that there is no remaining capacity to withstand any more type of 
impulse loading.  
Table 3.1 Definition of function availability. Based on Fortifikationsverket 
(2011). 
Function 
availability 
Accepted time for 
loss of function 
Level 5 None 
Level 4 < 30 min 
Level 3 < 6 hours 
Level 2 < 7 days 
Level 1 > 7 days 
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Table 3.2 Definition of protection level. Based on Fortifikationsverket (2011). 
Protection 
level 
Number of  
load occasions 
Description 
A > 5 
The damages after each loading are assumed to be so 
small that they do not affect the function of the facility. 
B3 3 
The damage obtained shall be limited so that demands in 
the service limit state are still fulfilled. 
B2 2 
The damage obtained shall be limited so that demands in 
the service limit state are still fulfilled. 
B1 1 
The damage obtained shall be limited so that demands in 
the service limit state are still fulfilled. 
C 1 
Large plastic deformations are accepted and the ultimate 
deformation capacity is utilised. It is assumed that there 
is no remaining capacity in the structure to withstand 
extra loading. 
 
3.2.2 Eurocode 2 
In Eurocode 2 there is no distinction due to different types of functionality or 
protection level for structures subjected to impulse loading. In the load combinations 
for static loading there are different load coefficients, due to different safety, 
depending of what type of structure is studied. However, for an accidental load, which 
is the case for an explosion, these coefficients are all the same regardless of what type 
of structure is studied. However, the partial coefficients used to determine the material 
design strength is somewhat different compared to normal static loading, allowing 
higher utilisation of the material strength.  
 
3.2.3 UFC 
In UFC there is a definition of four different protection categories: 
 Protection category 1: Protection of personnel against, among all, blast 
pressures and structural motion, and to shield them from the effects of primary 
and secondary fragments and falling portions of the structure. 
 Protection category 2: Protect equipment, supplies and stored explosives 
from fragment impact, blast pressures and structural response. 
 Protection category 3: Prevent communication of detonation by fragments, 
high-blast pressures, and structural response. 
 Protection category 4: Prevent mass detonation of explosives as a result of 
subsequent detonations produced by communication of detonation between 
two adjoining areas and/or structures. This category is similar to Category 3.  
The protection category affects what type of cross section is used to determine the 
bending moment capacity and plastic deformation capacity of the structure as 
described in Section 4.3.3 and Section 4.4.4, respectively. 
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3.2.4 Cormie et al. 
In Cormie et al. there is a definition of two different protection categories:  
 Protection category 1: Protection of personnel and equipment through the 
attenuation of blast pressure and to shield them from the effects of primary and 
secondary fragments and falling portions of the structure. 
 Protection category 2: Protection of structural elements themselves from 
collapse under the action of blast loading.  
Comparing these categories with those defined in UFC, see Section 3.2.3, it can be 
concluded that category 1 in Cormie et al. resembles that of category 1 and 2 in UFC, 
and that category 2 in Cormie et al. resembles that of category 3 and 4 in UFC.  
 
3.3 Design strength of concrete and reinforcement 
3.3.1 FKR 
In FKR the concrete strength is limited to fck ≤  50 MPa.  
The design strength fd of concrete and reinforcement is in FKR determined as 
fmn
k
d
f
f

  (3.1) 
where fk is the characteristic strength and γfmn is a partial safety factor that takes into 
account the function availability and protection level according to Table 3.3. The 
definition of function availability and protection level is presented in Section 3.2.1. 
Table 3.3 Partial coefficient γfmn for reinforcement due to protection level and 
function availability. Based on Fortifikationsverket (2011). 
Function 
availability 
Protection level 
C B A 
1-2 1.0 1.05 1.05 
3-4 1.05 1.05 1.05 
5 1.05 1.05 1.1 
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3.3.2 Eurocode 2 
In Eurocode 2 the concrete strength is limited to fck ≤  90 MPa. For concrete strength 
fck > 50 MPa, though, the expressions to determine the moment capacity in bending 
and plastic deformation capacity are affected.  
The design strength of concrete is in Eurocode 2 determined as 
c
k
cd
f
f

   (3.2) 
and for reinforcement  
s
k
d
f
f

  (3.3) 
where fk is the characteristic strength and αc is a coefficient taking into account long 
term effects and of unfavourable effects resulting from the way the load is applied. 
This coefficient can be individually chosen by different nations and in Sweden 
αc = 1.0 for all cases. Further, γc = 1.2 and γs = 1.0 are partial coefficients used for 
accidental loads for concrete and reinforcement, respectively. 
 
3.3.3 UFC 
In UFC there is no mentioning of an upper limitation of the concrete strength. 
However, it is recommended that a concrete strength fck ≥  28 MPa is used for blast 
resistant structures, and under no circumstances should a concrete of strength 
fck < 21 MPa be used.  
The concept of safety used in UFC is different compared to that in FKR or 
Eurocode 2 and there are no partial safety factors. Instead UFC is based on the 
American concrete code ACI 318-11, ACI (2011), in which the design strength Rd is 
determined as 
nomd RR    (3.4) 
where Rnom is the nominal strength according to given expressions and  is a strength 
reduction factor. In ACI 318-11 this reduction factor depends on which accuracy 
different capacities can be calculated. Consequently, for structures subjected to 
conventional static loading the strength reduction factor for e.g. bending moment is 
M = 0.90 for bending moment while it for shear is V = 0.75 in order to reflect that 
the former is easier to predict correctly than the latter. In UFC, though,  = 1.0 for all 
type of capacity controls; i.e. no reduction of the load capacity is made for structures 
subjected to impulse loading.  
In UFC the effect of high strain rates, i.e. the increase in strength due to intense 
dynamic loading, is taken into account. This is done by determining the dynamic 
strength fdyn as  
stadyn fDIFf   (3.5) 
where DIF is the dynamic increase factor and fsta is the static strength.  
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The DIF listed in UFC for different types of responses are presented in Table 3.4 for 
far and close design range. These DIF values can also be more accurately estimated 
by determining the strain rate   for the actual situation and using relations given in 
UFC for concrete and reinforcement. 
Table 3.4 Dynamic increase factor DIF for concrete and reinforcement used in 
equation (3.5). Based on DOD (2011). 
Type of stress    Far design range 
1)
    Close in design range 
2)
 
 Concrete Reinforcement Concrete Reinforcement 
 DIFc DIFs,y DIFs,u DIFc DIFs,y DIFs,u 
Bending 1.19 1.17 1.05 1.25 1.23 1.05 
Diagonal tension 1.00 1.00 - 1.00 1.10 1.00 
Direct shear 1.10 1.10 1.00 1.10 1.10 1.00 
Bond 1.00 1.17 1.05 1.00 1.23 1.05 
Compression 1.12 1.10 - 1.16 1.13 - 
1)
 Defined as a scaled distance Z = r / W
1/3
 >3.0 m/kg
1/3
; r = range, W =charge weight in TNT. 
2)
 Defined as a scaled distance Z = r / W
1/3
 ≤  3.0 m/kg1/3; r = range, W =charge weight in TNT. 
 
In UFC the strain hardening of the reinforcement is taken into account depending on 
what type of cross section is relevant. There are three different types of cross sections 
used to determine the bending moment capacity, see schematic illustration in 
Figure 3.1: 
 Type I: The concrete is active and contribute to the moment capacity of the 
cross section. The concrete cover on both surfaces of the element remains 
intact.  
 Type II: The concrete in compression is assumed to be crushed and hence 
does not contribute to the moment capacity of the cross section. Compression 
reinforcement, tied with stirrups, of equal amount to the tensile reinforcement 
is required to resist the moment. However, the crushed concrete is still present 
and hence contributes to the mass of the cross section.  
 Type III: The concrete cover over the reinforcement on both surfaces of the 
element is completely disengaged, due to a combination of crushing, scabbing 
and spalling, and contributes with no mass. Compression reinforcement, tied 
with stirrups, of equal amount to the tensile reinforcement is required to resist 
the moment. 
 
As 
d 
c 
As’ d’ 
Type I 
As 
As’=As 
Type II 
As 
Type III 
As’=As 
no mass d - d’ 
c 
inactive 
d - d’ 
inactive 
 
Figure 3.1 Definition of different cross sections used in UFC.  
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The difference between cross section of Type II and III is that the concrete cover of 
the latter has disengaged, and thus the mass of a Type III cross section will be smaller 
than that of a Type II cross section. This does not affect the moment resistance of the 
structure but will decrease its effective mass, and thereby also increase the external 
energy adopted to the structure from an impulse load.  
Cross section of Type I is valid for protection category 1-2 while cross sections of 
Type II and III are valid for protection category 1-4, see Section 3.2.3. 
For a Type I cross section no strain hardening is used; i.e. the reinforcement capacity 
is determined as 
yIs ff ,  (3.6) 
where fy is the yield strength of the reinforcement. However, for a Type II section the 
reinforcement capacity is determined as 
4
,
yu
yIIs
ff
ff

  (3.7) 
where fu is the ultimate strength of the reinforcement, and for a Type III section the 
reinforcement capacity is determined as 
2
,
uy
IIIs
ff
f

  (3.8) 
 
3.3.4 Cormie et al. 
The instructions given in Cormie et al. are based on UFC but also adapted to 
Eurocode 2. Therefore, a dynamic material capacity and the effect of strain hardening 
in the reinforcement is determined, as in UFC, but using the concept of design 
strength according to Eurocode 2.  
In Cormie et al. there are no special information regarding the concrete strength and it 
is therefore interpreted here that the same regulations as those given in Eurocode 2 is 
valid; i.e. that the concrete strength is limited to fck ≤  90 MPa, see Section 3.3.2.  
The design strength of concrete is in Cormie et al. determined as 
c
k
cd
f
f

   (3.9) 
and for reinforcement  
s
k
d
f
f

  (3.10) 
where fk is the characteristic strength and αc is a coefficient taking into account long 
term effects and of unfavourable effects resulting from the way the load is applied. In 
the UK this coefficient is choosen differently compared to Sweden; for bending 
moment αc = 0.85 while it for shear is αc = 1.0. Further, γc = 1.2 and γs = 1.0 are 
partial coefficients used for concrete and reinforcement, respectively, for accidental 
loads. 
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As in UFC the effect of high strain rates is taken into account in Cormie et al and the 
dynamic strength fdyn is determined as  
stadyn fDIFf   (3.11) 
where DIF is the dynamic increase factor and fsta is the static strength. The DIF for 
different types of responses is presented in Table 3.5. In contrast to UFC, here only 
one set of values is given and no values are given for bond
1
. Further, these DIF values 
are somewhat different to those used in UFC, listed in Table 3.4, and there are no 
instructions of how more accurate values of DIF can be determined. However, the 
concept is still the same as in UFC. 
Table 3.5 Dynamic increase factor DIF for concrete and reinforcement used in 
equation (3.5). Based on Cormie et al (2009). 
Type of stress    Far design range 
1)
 
 Concrete Reinforcement 
 DIFc DIFs,y DIFs,u 
Bending 1.25 1.20 1.05 
Shear 1.00 1.10 - 
Compression 1.15 1.10 - 
 
In Cormie et al. the strain hardening of the reinforcement is taken into account in a 
way similar to UFC. However, in Cormie et al. only cross sections of Type I and II 
are used, see Figure 3.1 in Section 3.3.3. For a Type I cross section no strain 
hardening is used; i.e.  
yIs ff ,  (3.12) 
where fy is the yield strength of the reinforcement, and for a Type II section the 
reinforcement capacity is determined as 
4
,
yu
yIIs
ff
ff

  (3.13) 
where fu is the ultimate strength of the reinforcement. 
  
                                                 
1
 It is here assumed that the values given for shear is also valid for direct shear. 
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4 Bending moment 
4.1 Reinforcement requirements 
4.1.1 Orientation 
The reinforcement amount for bending is defined as  
db
As

  (4.1) 
where As is the reinforcement area on the tensile side, and b and d are the width and 
effective height of the cross section, respectively, see cross section in Figure 4.1 
 
b 
As 
x 
d h 
c 
d = h - c 
As’ d’ 
MEd 
 
Figure 4.1 Geometry of cross section subjected to bending. 
In concrete structures there is often a requirement of a minimum reinforcement 
amount and there may also be a limit for a maximum amount. The overall purpose to 
set limits on the minimum and/or maximum reinforcement amount is to make sure 
that the response of the concrete structure does not become too brittle.  
For bending moment the main purpose of the minimum reinforcement amount is to 
insure that the bending moment capacity Mcrack of the uncracked cross section does 
not exceed the design moment capacity MRd of the reinforced section; i.e.  
Rdcrack MM   (4.2) 
In the regulations compared in this report, though, this requirement is set using a 
minimum reinforcement amount for the main reinforcement in bending. 
 
4.1.2 FKR 
In FKR the minimum reinforcement amount is determined as 
100
30,
min,



yk
cubeck
FKR
f
f
  (4.3) 
where fck,cube
2
 and fyk are the characteristic concrete cube strength and characteristic 
reinforcement yield strength, respectively, given in [MPa]. According to Svedbjörk 
(2016) the background for this minimum reinforcement amount is to prevent local 
failure modes; i.e. to make sure that the yield line failure modes assumed appear in the 
concrete slab. 
                                                 
2
 In FKR the parameter fck, i.e. the characteristic concrete cylinder strength, is incorrectly given in the 
equation instead of fck,cube. 
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In order to make sure that the full potential of the plastic deformation capacity is not 
limited by concrete compressive failure the maximum reinforcement amount is 
limited to 
% 50,0max, FKR  (4.4) 
 
4.1.3 Eurocode 2 
In Eurocode 2 the minimum reinforcement amount is determined by 
yk
ctm
EC
f
f
 26.0min,  ≥  0.013 (4.5) 
where fctm is the concrete tensile mean strength and fyk is the characteristic yield 
strength of the reinforcement.  
In Eurocode 2 (Swedish version) there is no upper limit of allowed reinforcement 
amount for bending reinforcement. However, there is an upper limit in order to use 
the plastic redistribution of a structure and for concrete with fck ≤  50 MPa this limit 
can be expressed as  
45.0
d
x
 (4.6) 
where x is the height of the compressive zone and d is the effective height. 
It can be shown that  
 
c
y
s
f
f
d
x
8.08.0  (4.7) 
for a rectangular cross section subjected to no normal forces and where As’ = 0, see 
Johansson and Laine (2012). Combining equation (4.6) and (4.7) gives an expression 
for allowed reinforcement amount as 
y
c
EC
f
f
 56.0max,  (4.8) 
where fc and fy are the concrete compressive strength and reinforcement yield strength, 
respectively. If positive effect of compressed reinforcement As’ is to be included in the 
moment capacity of the cross section (put a demand on stirrups available) this 
reinforcement amount may increase further. 
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4.1.4 UFC 
In UFC the minimum reinforcement amount is determined by  
yk
ck
UFC
f
f
5.0
min, 1557.0   (4.9) 
where fck and fyk are the characteristic concrete compressive strength and 
reinforcement yield strength, respectively, given in [MPa].  
The maximum reinforcement amount is determined by  
bal  75.0max  (4.10) 
where the reinforcement amount is defined as  
db
As

  (4.11) 
for a Type I cross section (moderate plastic deformations θ ≤  2°) and  
 'ddb
As

  (4.12) 
for a Type II cross section (large plastic deformations θ > 2°), see Section 3.3.3 and 
4.4.4. The limit value ρbal corresponds to the reinforcement amount which gives a so 
called balanced cross section; i.e. a cross section in which crushing of the concrete 
and yielding of the reinforcement occurs at the same time. In UFC the balanced 
reinforcement amount is determined as  
y
c
y
bal
f
f
f
k 










600
600
85.0 1  (4.13) 
where  





 

7
28
05.085.01
cfk   ≥  0.85 (4.14) 
and fc and fy are given in [MPa].  
Equation (4.9), (4.13) and (4.14) have been recalculated from imperial units to SI 
units using the conversion factor 1 psi = 6.895 kPa. 
 
4.1.5 Cormie et al. 
In Cormie et al. there are no special instruction regarding minimum or maximum 
reinforcement amount and it is here therefore interpreted that the demands given in 
Eurocode 2 is valid, see Section 4.1.3. 
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4.2 Stiffness 
4.2.1 Cracked and uncracked cross section 
The stiffness of a simply supported concrete beam subjected to an evenly distributed 
load can be determined as 
35
384
l
IE
k cc

  (4.15) 
where Ec is the concrete Young’s modulus, Ic is the moment of inertia of the concrete 
cross section and l is the span length of the beam.  
The moment of inertia of a concrete cross section depends on whether the concrete is 
cracked or not. For an uncracked cross section, denoted State I, the moment of inertia 
can, for a rectangular cross section, be approximated as 
12
3hb
I I

  (4.16) 
For a cracked cross section the moment of inertia III is reduced; how much depends on 
the cross section dimensions, material properties and the reinforcement amount. If the 
effect of the reinforcement As’ on the compressive side is neglected the moment of 
inertia III for a cracked concrete section can, according to Al-Emrani et al. (2011), be 
determined as  
 2
23
212
cpscp
II
II
II
II xdAx
x
xb
xb
I 







   (4.17) 
Here xII is the height of the compressive zone in state II, xcp is the distance to the 
centre point of the equivalent cross section,  
c
s
E
E
  (4.18) 
is the ratio between the Young’s modulus of reinforcement and concrete, respectively, 
As is the tensile reinforcement area, and b and d are the width and effective height of 
the cross section, respectively. 
For a case of pure bending, i.e. no normal force acting on the cross section, it can be 
shown that the distance from the concrete edge to the centre point xcp of the equivalent 
cross section is the same as the height of the compressive zone; i.e. xcp = xII which 
also means that equation (4.17) instead can be expressed as  
 2
3
3
cps
II
II xdA
xb
I 

   (4.19) 
The compressive zone is then determined from the expression for the location of the 
centre point in the equivalent cross section; i.e.  
sII
s
II
IIcp
Axb
dA
x
b
xx





2
2
 
(4.20) 
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This can be rewritten as  
  0
22


 dx
b
A
x II
s
II

 (4.21) 
from which the height of the compressive zone in state II can be determined as  
b
dA
b
A
b
A
x sssII






 



 2
2
 (4.22) 
The final stiffness will be somewhere in between the stiffness obtained for a fully 
uncracked (stiffness kI) and fully cracked (stiffness kII) beam. This can be analytically 
determined but can, depending on the case, be relatively complex. For an impulse 
loaded structure, though, it is normally conservative to assume a stiffness 
corresponding to that of a fully cracked beam; i.e. k = kII.  
 
4.2.2 FKR 
In FKR the moment of inertia III for a cracked concrete section is determined as 
  3,, 016.04.5 dbII FKRIIFKRc    (4.23) 
where ρ is the reinforcement amount, and b and d are the width and effective height of 
the cross section, respectively.  
 
4.2.3 Eurocode 2 
In Eurocode 2 there is no explicit description of how the moment of inertia III for a 
cracked concrete section is to be determined. Therefore,  
 2
3
,,
3
IIs
II
ECIIECc xdA
xb
II 

   (4.24) 
is used here; i.e. the same expression as in equation (4.19). Further, in accordance 
with Johansson and Laine (2012), it is also deemed reasonable to assume a fully 
cracked beam and thus use III to represent the moment of inertia in the whole beam.  
 
4.2.4 UFC 
In UFC the moment of inertia is determined as the average of the uncracked (State I) 
and cracked (State II) cross section; i.e.  
2
,
,
UFCIII
UFCc
II
I

  (4.25) 
where II is determined according to equation (4.16) and  
3
, dbFI UFCII   (4.26) 
where F is a coefficient according to Figure 4.2. In UFC the value of F is only 
presented using these graphs; i.e. no equations. However, a control strongly indicates 
that the relations presented in Figure 4.2a have been determined using 
equation (4.24); i.e. the same expression as used in Eurocode 2. 
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(a) 
 
(b) 
Figure 4.2 Coefficient for moment of inertia of cracked concrete cross section: (a) 
tensile reinforcement only, (b) equal reinforcement amount on both 
sides. Based on UFC, DOD (2008). 
 
4.2.5 Cormie et al. 
In Cormie et al. the moment of inertia used is based on a cracked section only; i.e. no 
average value on the moment of inertia, as is the case in UFC in equation (4.25), is 
used.  
For a Type I cross section the cracked moment of inertia is determined as  
3
,,,, dbFII IICoIIICoc   (4.27) 
where FI is a coefficient according to Figure 4.2a. Based on the comment regarding 
this figure, given in Section 4.2.4, this means that the moment of inertia used in 
Cormie et al. for a Type I cross section is the same as that used for a cracked section 
in Eurocode 2. 
For a cross section Type II, though, the moment of inertia is determined as   
 3,,,, 'ddbFII IIIICoIIIICoc   (4.28) 
where FII is a coefficient according to Figure 4.2b.  
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4.3 Moment capacity 
4.3.1 FKR 
In FKR the moment capacity is determined as  
dAfM syFKRRd  95.0,  (4.29) 
where fy is reinforcement yield strength, As is reinforcement area on the tensile side of 
the cross section and d is effective height. 
This is an approximation to the expression used in Eurocode 2, see Section 4.3.2, and 
works well for small reinforcement amounts.  
 
4.3.2 Eurocode 2 
In Eurocode 2 the moment capacity can, for a rectangular cross section according to 
Figure 4.3, be determined as  
 xdAfzFM sysECRd 4.0,   (4.30) 
where fy is reinforcement yield strength, As is reinforcement area on the tensile side of 
the cross section, d is effective height and x is the height of the compressive zone. 
The latter may be determined as  
bf
Af
x
c
sy



8.0
 (4.31) 
where fc is the concrete compressive strength and b is the width of the cross section. 
Potential influence of the reinforcement As’ on the compressive side is not included 
here. If the configuration of stirrups is satisfactory, though, the effect of As’ may also 
be taken into account when determining x and MRd.  
 
b 
As 
x 
d h 
c 
εcu 
εs 
d-x 
x 
fc 
Fs 
0.4x 0.8x 
Fc 
d = h - c z = d – 0.4x 
z MRd 
As’ d’ 
 
Figure 4.3 Analysis of concrete cross section subjected to bending. 
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4.3.3 UFC 
In UFC the bending moment capacity is determined in two different ways, depending 
on which type of cross section that is assumed, see Section 3.3.3. For cross section of 
Type I, see Section 3.3.3, the moment capacity is determined as  
 xdAfM ssUFCIRd 5.0,,   (4.32) 
where fs is the reinforcement strength according to Section 3.3.3 and the height of the 
compressive zone x is calculated as  
bf
Af
x
c
ss



85.0
 (4.33) 
In this report, the influence of reinforcement As’ on the compressive side is 
approximately neglected when determining both MRd,I,UFC and x.  
However, for cross section of Type II or III, see Section 3.3.3, the concrete cover is 
assumed to be inactive, which also affects the internal lever arm z. Such a response 
requires that As’ = As, and that there are enough amount of stirrups embracing the 
compressive reinforcement, thus hindering it to buckle. If this requisite is met the 
moment capacity can instead be determines as  
 ',, ddAfM ssUFCIIRd   (4.34) 
 
4.3.4 Cormie et al. 
The instructions given in Cormie et al. are based on UFC but also adapted to 
Eurocode 2. The moment capacity is therefore, as in UFC, determined in two ways, as 
described in Section 4.3.3, but using a concept according to Eurocode 2. This means 
that the moment capacity, for a cross section of Type I, is determined according to 
equation (4.30), and for a cross section of Type II or III according to equation (4.34). 
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4.4 Deformation capacity 
4.4.1 Orientation 
The plastic deformation capacity urd is based on the plastic rotation capacity θRd as is 
schematically shown in Figure 4.4. From this the deformation capacity can for a 
simply supported beam be determined as  
2
l
u RdRd



 (4.35) 
where l is the length of the beam. To simplify the comparison of different structures 
the ratio l / uRd is used here.  
 
a a 
l 
θRd r 
uRd 
θRd 
 
Figure 4.4 Relation between plastic rotation θRd and plastic deformation uRd in a 
simply supported beam.  
 
4.4.2 FKR 
The method used in FKR to determine the plastic deformation capacity of a concrete 
structure is based on Bk 25, Fortifikationsförvaltningen (1973a, b). The derivation of 
the expressions used is thoroughly treated in Johansson and Laine (2012), and is not 
described in detail here. The rotational capacity is originally derived to be the 
minimum due to rupture of reinforcement or concrete crushing. However, in FKR 
only the expression based on ruptured reinforcement is given. Here though, the 
limitation due to concrete crushing, from Bk 25, is also presented.  
To determine what type of failure is obtained a reinforced concrete section according 
to Figure 4.3, Section 4.3.2, is used in which the mechanical reinforcement ratio can 
be determined as  
c
ys
c
y
s
f
f
db
A
f
f


   (4.36) 
A balanced value of the mechanical reinforcement ratio can be defined as  
sucu
cu
bals






8.0
,  (4.37) 
where εcu and εsu
3
 are the ultimate strain at failure in concrete and reinforcement, 
respectively. This corresponds to the cross section with balanced reinforcement ratio 
described in equation (4.13) in Section 4.1.4. If ωs < ωs,bal the maximum plastic 
rotation capacity will be limited due to rupture of the reinforcement, while if 
ωs > ωs,bal failure will be reached due to concrete crushing.  
                                                 
3
 Here, εsu is not the maximum tensile strain at failure for a single bar; instead it indicates the average 
reinforcement strain over the plastic hinge with length 2a in Figure 4.4. 
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In FKR the plastic deformation capacity, due to rupture of reinforcement, is given as  
l
d
l
u suFKRsRd 





 3.0126.0,,   (4.38) 
where εsu is the average reinforcement strain over the plastic hinge (length 2a in 
Figure 4.4), l is the length of  the beam and d is the effective height. No corresponding 
value is given for concrete crushing, though.  
From Johansson and Laine (2012) the original expressions in Bk 25 can be found. 
Assuming failure due to concrete crushing, i.e. ωs > ωs,bal, the rotational capacity in 
the mid span can be determined as  









d
l
s
cu
BkcRd 3.01
4.0
,,


  (4.39) 
and assuming failure due to rupture of the reinforcement, i.e. ωs < ωs,bal, the rotational 
capacity θf  in the mid span can be determined as  










d
l
s
su
BksRd 3.01
8.0
4.0
,,


  (4.40) 
These expressions are also used in this report to represent the rotational capacity of 
FKR.  
Combining equation (4.35) and (4.40) gives  
l
d
l
u
s
su
BksRd 








 3.01
8.0
2.0
,,


 (4.41) 
and comparing this with equation (4.38) gives  
s

8.0
2.0
26.0       031.0s  (4.42) 
which means that it in the expression in equation (4.38) is assumed a cross section 
with a mechanical reinforcement ratio ωs = 0.031. Using equation (4.36) and 
assuming fy = 500 MPa and fc = 25 MPa or 50 MPa this gives that the reinforcement 
ratio for such a case corresponds to  = 0,16 % and 0,31 %, respectively; i.e. a rather 
small ratio.  
The value for the ultimate concrete strain can, for structures mainly subjected to 
bending, be determined as εcu = 3.5 ‰. However, for structures mainly subjected to 
compression, εcu = 2.4 ‰ should be used instead. If the structure should be able to 
withstand more than one load occasion, compare influence of protection level in 
Section 3.2.1, a modified concrete strain should be determined as  
n
ccu
ccu
0
0mod,



  (4.43) 
where 
ck
cd
c
E
f


8.0
0  (4.44) 
and n is the number of load occasions. 
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The average reinforcement strain εsu used here is in FKR set to the ultimate strain at 
failure of a single reinforcement. For reinforcement of class C this means that 
εsu = 75 ‰, which can be compared with the strain value of 80 ‰ proposed in Bk 25. 
However, this latter value is related to an older, and more ductile, type of 
reinforcement (Ks 40) that is no longer used in Sweden. Hence, this value is judged to 
be too liberal for the reinforcement types used in Sweden today (K500). If using a 
reinforcement of class C (the most ductile type available) a more realistic value to use 
would be εsu = 30 ‰, see Johansson and Laine (2012). This recommendation is based 
on an extensive experimental test series carried out at KTH on reinforced concrete 
slab strips subjected to static tests, Ansell and Svedbjörk (2000, 2003, 2005).  
If the structure should be able to withstand more than one load occasion a modified 
average steel strain should be determined as  
n
ssu
ssu
0
0mod,



  (4.45) 
where 
sk
k
s
E
f
0  (4.46) 
and n is the number of load occasions.  
It can also be pointed out that in Bk 25 there was a requirement used for protection 
level B that l / u ≥  33, which is no longer included in FKR 2011. This requirement, 
though, was related to functional requirements (e.g. the possibility to open internal 
doors) and hence not a requirement related to the ultimate load capacity.  
 
4.4.3 Eurocode 2 
In Eurocode 2 the rotational capacity is determined based on the relations for θpl given 
in Figure 4.5, which depends on the concrete strength and class of reinforcement as 
defined in Table 4.1. The rotational capacity
4
 is determined as  
plECRd
k
  
2
,
 (4.47) 
where  
3

 k  (4.48) 
is a coefficient taken into account the shear slenderness . This, in turn, is defined as  
d
l0  (4.49) 
where l0 is the distance from zero moment and the plastic hinge, and d is the effective 
height. For a simply supported beam, as shown in Figure 4.4, l0 = l / 2.  
                                                 
4
 In Eurcode 2 the definition of θpl differs compared to that defined in Figure 4.4. To adjust for this 
difference the denominator 2 is introduced in equation (4.47). Hence, the expression given here is 
adjusted to correspond to the definition given in Figure 4.4; see also Section 4.4.6. 
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x / d 
pl  [10 
-3
 rad] 
concrete 
crushing   rupture of 
reinforcement 
Class C 
Class B 
 
Figure 4.5 Relations to determine the plastic rotation capacity θpl for different 
types of concrete and reinforcement. The cause of failure is marked. 
Based on Eurocode 2, SIS (2008).  
The limitations to use the relations in Figure 4.5 is for concrete ≤  C 50/60 that  
45.0
d
x
 (4.50) 
and for concrete ≥  C 55/67 that 
35.0
d
x
 (4.51) 
where x is the height of the compressive zone.  
Table 4.1 Definition of reinforcement classes according to Eurocode 2, 
SIS (2008). 
Class fyk 
[MPa] 
γ = fuk / fyk 
[-] 
εs,fu 
[%] 
B 400 - 600 ≥ 1.08 ≥ 5.0 
C 400 - 600 
≥ 1.15 
< 1.35 
≥ 7.5 
 
In order to take plastic rotation capacity into account the reinforcement has to be of 
class B or C according to Table 4.1. Reinforcement of class A (cold worked; e.g. pre-
stress strands) is not applicable for plastic redistribution. 
As is shown in Figure 4.5 the ratio x / d is used in Eurocode 2 to describe the property 
of the reinforced concrete cross section. In FKR, this is instead based on the 
mechanical reinforcement ratio ωs, see Section 4.4.2. However, it can be shown, see 
Johansson and Laine (2012), that the relation between the ratio x / d and ωs can be 
expressed as  
80,d
x s  (4.52) 
if there are no normal forces and there is no reinforcement on the compressive side; 
i.e. As’ = 0. 
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4.4.4 UFC 
In UFC only a very general description of the plastic deformation capacity is given. It 
is stated, though, that the maximal deformation capacity is a function of structure 
height and span width, as well as reinforcement amount and configuration, but any 
more detailed information than so is not given. Given instructions are instead based 
on a schematic load-deformation relation for a reinforced concrete beam. In 
Figure 4.6 the conceptual response is illustrated, where the response strongly depends 
on whether stirrups are present or not and of what type those stirrups are used. In 
summary, a reasoning is presented which means that concrete compressive failure is 
reached when the plastic rotation reaches θ = 2°. If no stirrups are present this means 
that failure is reached. However, if there are stirrups present in the beam it is assumed 
that the compressive reinforcement will replace the effect of concrete in compression, 
and thus prolong the deformation capacity. Although the moment capacity, due to 
reduced internal lever arm, is somewhat reduced as explained in Section 4.1.4, the 
plastic rotation capacity still increases to θ = 6°. If so called lacing reinforcement is 
used, see Figure 4.7, the plastic rotation capacity can be increased even more to 
θ = 12°.  
 
Figure 4.6 Schematic load-deformation relation for a reinforced concrete beam. 
From UFC, DOD (2008). 
 
Figure 4.7 Special type of stirrups, so called lacing, which is used in order to 
increase the deformation capacity of a reinforced concrete structure. 
From UFC, DOD (2008). 
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An effect of this concept, i.e. that the presence of stirrups increase the plastic 
rotational capacity, is that the failure always is assumed to be reached due to concrete 
crushing. Hence, this is an important difference to FKR and Eurocode 2, where the 
rupture of reinforcement also is a possible cause of failure; see Section 4.4.2 and 
Section 4.4.3, respectively.  
The general correctness of the load-deformation relation given in Figure 4.6 can 
perhaps be questioned since such a relation will depend on the type, amount and 
configuration of reinforcement and concrete. Hence, the relation is rather rough and it 
is suggested, by the authors of this report, that it is only used as an approximate rule 
of thumb of allowable values for the plastic rotations. It is probable that the 
recommendations given in UFC for the plastic deformation capacity are valid for a 
certain span of combinations of reinforcement amount and concrete strength but since 
no such spans are explicitly given
5
 it is here suggested that the recommendations 
given in UFC is used with care; at least in structures with a large reinforcement ratio.  
Based on Figure 4.6 allowable plastic rotation capacity θ and the length/deformation 
ratio l / u is summarised in Table 4.2. Here, the plastic rotation capacity allowed is 
also linked to the protection category and type of cross section used.  
Table 4.2 Plastic rotation capacity θ and length/deformation ratio l / u according 
to UFC, DOD (2008). 
Type of 
stirrups 
Protection 
category 
Type of cross 
section 
θ 
[°] 
θ 
[10
-3
 rad] 
l / u 
[-] 
None 1 I 1 17 115 
None 2 I 2 35 57 
Normal 2 II    6 
1)
 105 19 
Figure 4.7 2 III    12 
1)
 210 10 
1)
 Reduced inner lever arm, compression force balanced by reinforcement only, see Section 4.3.3. 
The material properties of the reinforcement used in UFC is listed in Table 4.3 and 
from this it can be concluded that the ductility ratio γ is higher than that demanded in 
Eurocode 2, see Table 4.1. In UFC no demands on the ultimate strain is given but it is 
stated that the ultimate strain is larger in reinforcement of type A 706, which hence 
compensates for the lower value of the ductility ratio η, compared to type A 615.  
Table 4.3 Definition of reinforcement types in UFC, DOD (2008).  
Reinforcement type fyk 
[MPa] 
fuk 
[MPa] 
η = fuk / fyk 
[-] 
ASTM A 615 Grade 60 455 620 1.36 
ASTM A 706 Grade 60 455 550 1.21 
 
                                                 
5
 Instead the reinforcement amount allowed varies between about 0.2-1.5 % for fck = 25 MPa and  
0.2-3.0 % for fck = 50 MPa, see Section 7.3.4.1. 
CHALMERS, Civil and Environmental Engineering, Report 2016-16 29 
4.4.5 Cormie et al. 
The instructions given in Cormie et al. for the plastic deformation capacity is similar 
to those in UFC, described in Section 4.4.4. As in UFC, a schematic load-deformation 
relation as that shown in Figure 4.6 is used. Here, though, the allowable rotations are 
somewhat reduced compared to that in UFC, see Table 4.4.  
Table 4.4 Plastic rotation capacity θ and length/deformation ratio l / u according 
to Cormie et al. (2009). 
Type of 
stirrups 
Protection 
category 
Type of cross 
section 
θ 
[°] 
θ 
[10
-3
 rad] 
l / u 
[-] 
None 1 I 1 17 115 
Normal 1 I 2 35 57 
Normal 2 II    4 1) 70 29 
Normal 2 II       8 1), 2) 141 14 
1)
 Reduced inner lever arm, compression force balanced by reinforcement only, see 
Section 4.3.3. 
2)
 This case is permitted if the structure can develop membrane action.  
 
4.4.6 MSB 
In the documentation of impulse loaded structures provided by the Swedish Civil 
Contingencies (MSB) it is recommended to base the plastic deformation capacity on 
Eurocode 2, e.g. Johansson and Laine (2012) and Johansson (2015b). However, in 
MSB’s documentation the expression for the plastic rotation capacity in 
equation (4.47) is replaced by  
plECRdMSBRd k    ,, 2  (4.53) 
as argued for in Johansson (2015a). Consequently, the resulting plastic deformation 
capacity used by MSB is twice as large as that obtained when using the expressions 
given in Eurocode 2.  
The impact on the plastic deformation capacity due to this suggested change is further 
compared in the case study presented in Section 7.3.2. 
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5 Shear 
5.1 Reinforcement requirements 
5.1.1 Orientation 
The shear reinforcement amount is defined as  
bs
Asw
w

  (5.1) 
where Asw is the shear reinforcement amount, s is the spacing used for the stirrups and 
b is the width of the cross section. For the expressions given in this report all stirrups 
are assumed to be fully vertical, i.e. perpendicular to the longitudinal axis of the 
beam. 
The minimum shear reinforcement can be divided into two types: a minimum 
reinforcement amount and maximum stirrup spacing. The former is believed to make 
sure that the shear reinforcement becomes statically active prior to concrete shear 
failure (i.e. making sure that the stirrups are not torn off) and the latter is to make sure 
that the critical inclined shear crack does not fully appear in between two stirrups.  
There is also a practical maximum amount of the shear reinforcement when extra 
amount will no longer provide higher shear capacity of the cross section. This amount 
corresponds to the amount when crushing of the concrete in inclined struts cause shear 
failure of the cross section, see Section 5.3.1 and Section 5.3.2.  
 
5.1.2 FKR 
In FKR the minimum amount of shear reinforcement shall fulfil
6
 
yw
Ed
FKRsw
f
V
db
a
A 


 
6.1
min,,  (5.2) 
where aτ is the shear span, b and d are the width and effective height of the cross 
section, VEd is the design shear load and fyw is the yield strength of the shear 
reinforcement.  
In FKR the contribution from the shear reinforcement depends on which phase is 
studied: the initial elastic deformation phase or the later plastic deformation phase. In 
the initial phase a larger amount of shear reinforcement is distributed over a shorter 
length lτ,el compared to the length lτ,pl that is used in the plastic phase, see 
Section 5.3.1. It is not explicitly mentioned in FKR but this means that the length lτ, 
over which the shear reinforcement is distributed, corresponds to the length of the 
inclined shear crack. Hence, in practice this means that the shear crack angle varies 
from case to case.   
                                                 
6
 The form of this expression is uncertain since the resulting unit of Asv,min,FKR will be [m
2
/m]. In Bk 25 
this expression cannot be found. Further, this current expression means that the minimum shear 
reinforcement amount will be very large; if aτ / d = 1.0 the shear capacity has to be 1.6 times larger than 
the design shear force VEd. Hence, it seems that there may be something wrong with the current 
expression.  
32 CHALMERS, Civil and Environmental Engineering, Report 2016-16 
The maximum spacing of the shear reinforcement is limited to  
ds FKRel  5.0,max,  (5.3) 
over the length lτ,el in the elastic deformation phase and to 
ds FKRpl  75.0,max,  (5.4) 
over the length lτ,pl in the plastic deformation phase 
 
5.1.3 Eurocode 2 
In Eurocode 2 the minimum amount of shear reinforcement shall fulfil  
d
f
f
ywk
ck
ECw 

 75.0
08.0
5.0
min,,  (5.5) 
and the maximum spacing of shear reinforcement is set to 
ds EC  75.0max,  (5.6) 
According to Eurocode 2 the minimum shear reinforcement should always be 
provided in beams, even though the concrete shear capacity VRd,c,EC is larger than the 
design shear force VEd,EC. This requirement, though, is not valid in slabs; here shear 
reinforcement only needs to be used if VRd,c,EC < VEd,EC. 
 
5.1.4 UFC 
In UFC the minimum strength of the shear reinforcement is listed in Table 5.1. When 
stirrups are provided the required amount is determined in the critical section and this 
quantity is then uniformly distributed over the whole length of the structure.  
Table 5.1 Minimum design shear strength VRd,s,UFC of shear reinforcement. 
Design range 
[m/kg
1/3
] 
Type of  
cross section 
VED ≤  VRd,c VRd,c ≤  VED ≤  1.85·VRd,c VED > 1.85·VRd,c 
Z ≥  3.0 
I 0 0.85·VRd,c VEd,c - VRd,c 
II, III 0.85·VRd,c 0.85·VRd,c VEd,c - VRd,c 
Z <  3.0 I, II, III 0.85·VRd,c 0.85·VRd,c VEd,c - VRd,c 
 
The maximum spacing of shear reinforcement depends on the type of cross section:  


 

mm 610
5.0
minmax,
d
s UFC  Type I (5.7) 
 


 

mm 610
'5.0
minmax,
dd
s UFC  Type II and III (5.8) 
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5.1.5 Cormie et al. 
The requirements for shear reinforcement in Cormie et al. are based on Eurocode 2 
and hence follow the description given in Section 5.1.3. However, the maximum 
spacing of the shear reinforcement is set to 
ds Co  5.0max,  (5.9) 
 
5.2 Design shear force 
5.2.1 FKR 
In FKR the design shear force is determined for two different phases: during the 
initial (elastic) deformation phase and the later (plastic) deformation phase. The 
design shear force is determined as  
sup, 5.0 RkV vFKREd   (5.10) 
where kv is a factor that takes into account the load distribution (kv = 0.5 for a simply 
supported beam) and Rsup is the total dynamic support reaction. This support reaction 
is conceptually determined as  
     tFtRtR FKRFKR  sup  (5.11) 
where R is the resisting force, F is the external load and  
m
F
FKR



2
  (5.12) 









m
F
FKR



2
1  (5.13) 
are load factors based on the transformation factors κF and κm for load and mass, 
respectively. This relation is based on dynamic force equilibrium as shown in 
Johansson (2015a). The transformation factors are different in the elastic and plastic 
deformation phase, see Table 5.2.  
Table 5.2 Transformation factors and load factors for a simply supported beam 
subjected to evenly distributed load. Transformation factors are taken 
from Johansson and Laine (2012). 
Deformation 
phase 
P1 / q 
1)
 
[-] 
κm 
[-] 
κF 
[-] 
αFKR 
[-] 
βFKR 
[-] 
Elastic ≤  2 0.504 0.640 0.812 0.188 
Plastic > 2 0.333 0.500 0.750 0.250 
1)
 Condition used in FKR to determine what deformation phase is to be used: 
P1 = peak pressure of external load, q = equivalent static load according to 
equation (2.1). 
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From FKR it is not clear how to determine Rsup,pl, i.e. the support reaction in the 
plastic deformation phase. Based on the information given in Bk 25, Fortifikations-
verket (1973a) and discussion with Svedbjörk (2016), though, it is concluded that 
these parameters are determined as stated in equation (5.11) but with the exception 
that the external load F(t) is set equal to the characteristic pressure load Fk for the 
structure; i.e.  
  kFtF   (5.14) 
In FKR Fk is determined as 
Rdk RkF   (5.15) 
where k is defined as 
plel
plel
uu
uu
k



5.0
 (5.16) 
where uel, upl and RRd are elastic deformation, plastic deformation and load capacity as 
illustrated in Figure 5.1. 
 
k·RRd 
upl uel 
RRd 
u 
R 
 
Figure 5.1 Elastoplastic structural response and definition of equivalent plastic 
respons. 
Hence, this means that the support reaction for elastic and plastic deformation phases 
can be determined as 
     tFtRtR elFKRelFKRel  ,,sup,   (5.17) 
    RdplFKRplFKRpl RktRtR  ,,sup,   (5.18) 
The design shear force is assumed to act at a distance aτ (denoted: shear span) from 
the support, and depends on the support boundary condition. For a moment free 
support the shear span can be determined as  
l
P
q
a
eq










1
25.0025.0  la  25.0  (5.19) 
and for a fixed support it can be determined as  
l
P
q
a
eq










1
35.0010.0  la  25.0  (5.20) 
where qeq is the equivalent static load, P1 is the peak pressure of the external load and 
l is the span length of the structure.  
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5.2.2 Eurocode 2 
In Eurocode 2 the critical section is determined at a distance  
cot zacrit  (5.21) 
from the support edge as shown in Figure 5.2. Here, z is the internal lever arm, as 
shown in Figure 4.3 (z = 0.9·d is often used as an approximation), and θ is the shear 
crack angle.  
For a structure with no stirrups 
dacrit   (5.22) 
which approximately corresponds to a case where θ = 45º, and for a structure with 
stirrups  
5.2cot0.1    (5.23) 
which corresponds to a shear crack angle of 22º ≤  θ ≤  45º.  
From this the design shear force can, for a simply supported beam subjected to an 
evenly distributed load, be determined as 















22
sup
,
a
a
l
qV critECEd  (5.24) 
where q is the evenly distributed static load and asup is the width of the support 
 q 
l 
asup acrit 
θ 
critical section 
d 
 
Figure 5.2 Critical section for the design force when the load is applied on top of 
the loaded beam.  
 
5.2.3 UFC 
In UFC the design shear force is based on an equivalent static load qeq. The critical 
section is determined using a similar concept as in Eurocode 2, see Section 5.2.2. 
However, in UFC the shear crack angle is assumed to be constant, θ ≈ 45º, and the 
same critical section is used regardless of whether stirrups are used or not.  
Accordingly,  
dacrit   (5.25) 
and the design shear force is hence determined as 















22
sup
,
a
d
l
qV eqUFCEd  (5.26) 
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5.2.4 Cormie et al. 
In Cormie et al. the design shear force is, as in UFC, based on an equivalent static 
load qeq. However, since Eurocode 2 is used in the design the instructions given there 
are also used in Cormie et al. Hence, the design shear force is determined as  















22
sup
,
a
a
l
qV criteqCoEd  (5.27) 
where acrit is determined as described in Section 5.2.2.  
 
5.3 Shear capacity 
5.3.1 FKR 
In FKR there is some confusion of how the design of shear forces is meant to be 
carried out. In the initial part of the description in FKR there is a reference to an older 
Swedish code (BBK 04) of which approach should be used depending on the ratio 
between shear span aτ and effective height d. If  
5.1
d
a  (5.28) 
an approach based on a deep beam should be used (Section 6.6 in BBK 04) and if 
5.1
d
a  (5.29) 
an approach suitable for normal beam theory should be used (Section 3.7 in BBK 04). 
However, after this initial statement FKR still includes a detailed description of how 
the shear capacity should be determined. Hence, it is not clear how these somewhat 
contradictory instructions should be treated. In this document the latter concept, 
described in detail in FKR, is used and described below.  
In FKR the concrete shear capacity is determined as  
dbkV cFKRcRd ,,  (5.30) 
where  
s
k
kkc

   (5.31) 
is a factor determined depending on the shear span aτ , reinforcement amount ρ and 
protection level s. 
Here  
ckf
da
k  25.0
/
45.0

  ckfk  25,0  (5.32) 
where aτ is the shear span according to equation (5.19) or (5.20), and fck is the 
characteristic concrete compressive strength, 
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3
1.0
7.0



k  (5.33) 
where 0.1 ≤  ρ ≤  0.5 % is the reinforcement amount ρ, and  




0.1
2.1
s  
          C level protectionfor 
B andA  level protectionfor 
 (5.34) 
is a safety factor taken into account the chosen protection level, see Section 3.2.1. 
If the concrete shear capacity is less than the design shear strength, i.e. 
VRd,c,FKR < VEd,FKR, shear reinforcement is needed. The shear force taken by the shear 
reinforcement depends on what deformation phase is studied. In the elastic 
deformation phase the required shear reinforcement capacity is determined as 
7
 









elFKREd
FKRcRd
elvelFKRsRd
V
V
RkV
,,
,,
sup,,,, 1  (5.35) 
where Rsup,el is the total reaction force according to equation (5.17), VRd,c,FKR is the 
concrete shear strength according to equation (5.30) and VEd,FKR,el is the design shear 
strength according to equation (5.10) when setting Rsup = Rsup,el.  
In the plastic deformation shape the required shear reinforcement capacity is 
determined as  







 



l
a
V
V
RkV
plFKREd
FKRcRd
plvplFKRsRd
8
2
1
,,
,,
sup,,,,
 (5.36) 
where Rsup,pl is the total reaction force according to equation (5.18), VRd,c,FKR is the 
concrete shear strength according to equation (5.30) and VEd,FKR,el is the design shear 
strength according to equation (5.10) when setting Rsup = Rsup,pl. 
The shear force in equation (5.35) and (5.36) determine a shear reinforcement area 
yw
FKRsRd
FKRsw
f
V
A
,,
,   (5.37) 
where fyw is the yield strength of the shear reinforcement. This reinforcement amount 
is evenly distributed over a length lτ. For the elastic deformation phase this length is 
determined as  









elFKREd
FKRcRd
el
V
V
al
,,
,,
, 1  (5.38) 
and for the plastic deformation phase this length is determined as 







 



l
a
V
V
al
FKREd
FKRcRd
pl


8
2
1
min,,
,,
,
 (5.39) 
                                                 
7
 A factor kv is included in equation (5.35) and (5.36) to take into account that the shear force is 
determined at only one support and not as the total shear force, which is the case according to the 
expression used in FKR. Such a change is also recommended to be included in FKR. 
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Regardless of what shear reinforcement amount is used the shear force in the plastic 
deformation phase is limited by 
dbfV cFKREd  25.0min,,  (5.40) 
which indicates crushing of the compressive strut in the inclined shear crack. 
 
5.3.2 Eurocode 2 
In Eurocode 2 the concrete shear capacity is determined as 
dbvV ECcRdECcRd  ,,,,  (5.41) 
where  
 








           035.0
100
18.0
max
5.02/3
3/1
,,
ck
ck
cECcRd
fk
fk
v

  (5.42) 
where γc = 1.2 is the partial coefficient factor for concrete at accidental loading,  
d
k
200
1  k  ≤ 2.0  (d in [mm]) (5.43) 
is a factor taking into account the size effect, ρ is the reinforcement amount and fck is 
the characteristic concrete compression strength. The concrete shear capacity is also 
limited by  
dbf
f
V c
ck
ECcRd 






250
130.0,,  (5.44) 
which indicates crushing of the compressive strut in the inclined shear crack. 
If the concrete shear capacity is less than the design shear force, the whole shear force 
has to be taken by the shear reinforcement; i.e. 
ECEdECsRd VV ,,,   (5.45) 
Based on this the shear reinforcement area needed is determined as 
yw
ECsRdECsw
fz
V
s
A


cot
,,,
 (5.46) 
where s is the stirrup spacing and z·cot θ = acrit is the length of the inclined shear 
crack as shown in Figure 5.2. The reinforcement shear capacity is also limited to  
dbf
f
V c
ck
ECsRd 








250
1
tancot
60.0
,,

 (5.47) 
due to crushing of the compressive strut in the inclined shear crack. 
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5.3.3 UFC 
In UFC the concrete shear capacity is determined as 
dbvV UFCcRdUFCcRd  ,,,,  (5.48) 
for a cross section of Type I and  
 ',,,, ddbvV UFCcRdUFCcRd   (5.49) 
for a cross section of Type II or III. Here  






25009.1
                  2
max
5.0
5.0
,,
c
c
UFCcRd
f
f
v  
5.0
5.3 cf   (units in [psi]) (5.50) 
where fc is the concrete compressive strength and ρ is the reinforcement amount. In 
Equation (5.42) vRd,c,UFC and fc is given in the unit [psi] and hence need to be 
recalculated to [Pa] in order to make calculations using SI-units
8
.  
If the concrete shear capacity is less than the design shear force, shear reinforcement 
must be provided to carry the excess; i.e.  
UFCcRdUFCEdUFCsRd VVV ,,,,,   (5.51) 
However, depending on among all what type of cross section is used, there is also a 
minimum value that the shear force VRd,s,UFC, needs to fulfil, see Section 5.1.4.  
Based on this the shear reinforcement area needed is determined as 
yw
ECsRdUFCsw
fd
V
s
A


85.0
,,,
 (5.52) 
where 0.85·d = acrit is the length of the inclined shear crack as shown in Figure 5.2.  
 
5.3.4 Cormie et al. 
The shear capacity in Cormie et al. is based on Eurocode 2, and hence follows the 
description given in Section 5.3.2. The only difference is that equation (5.44) and 
(5.47) are multiplied by a factor 5/6 to take into account a different choice of a 
national parameter that is chosen differently in UK than in Sweden.  
For a cross section of Type I the design shear force may be resisted by the concrete 
shear capacity. For a cross section of Type II, though, this is not allowed and the 
whole shear force always has to be resisted by the shear reinforcement.  
 
  
                                                 
8
 This is done using the conversion factor 1 psi = 6.895 kPa. 
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5.4 Direct shear 
5.4.1 Orientation 
In both UFC and Cormie et al. there is a control of the capacity due to, so called, 
direct shear cracks. This failure type is due to a straight shear crack that appears close 
to the support as schematically shown in Figure 5.3. The design against such a failure 
is in UFC and Cormie et al. made using the support reaction obtained when using an 
equivalent static load qeq, i.e.  
2
,
lq
V
eq
dsEd

  (5.53) 
 
direct shear 
crack 
 
Figure 5.3 Schematic illustration of direct shear crack close to support.  
In FKR and Eurocode 2, though, there are no special controls of failure due to direct 
shear crack; this is further discussed in Section 7.4.5.  
 
5.4.2 FKR 
In FKR there is no special control of failure due to direct shear crack.  
 
5.4.3 Eurocode 2 
In Eurocode 2 there is no special control of failure due to direct shear crack.  
 
5.4.4 UFC 
In UFC the concrete shear capacity due to direct shear is in slabs determined as 
dbfV cUFCdscRd  16.0,,,  (5.54) 
However, this capacity is only valid if the used plastic rotational capacity θ ≤  2° or if 
the beam is simply supported. If θ > 2°, or if a cross section (with any rotation) is in 
net tension the concrete shear capacity is reduced to 
0,,, UFCdscRdV  (5.55) 
If the acting shear force is larger than the concrete shear capacity, diagonal bars must 
be added to carry the excess shear force, i.e.  
UFCdscRdUFCdsEdUFCdssRd VVV ,,,,,,,,   (5.56) 
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5.4.5 Cormie et al. 
The regulations for direct shear cracks in Cormie et al. is similar to those in UFC, see 
Section 5.4.4. The concrete shear capacity due to direct shear is determined as 
dbf
f
V c
ck
CodscRd 






250
125.0,,,  (5.57) 
As in UFC, this capacity is only valid if the used plastic rotational capacity θ ≤  2° or 
if the beam is simply supported; if θ > 2° the concrete shear capacity is reduced to  
0,,, CodscRdV  (5.58) 
In contrast to UFC, though, no information is given of how to treat a situation where a 
cross section is in net tension. However, it is mentioned that minimum reinforcement 
(in accordance with Eurocode 2) should be used also for the inclined stirrups even 
though the concrete capacity against direct shear is sufficient. 
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6 Spalling and breaching 
6.1 Orientation 
If the explosion is strong enough there may emerge phenomena such as cratering, 
spalling and breaching in a concrete structure. These types of damage are associated 
with what may appear at so called contact detonations; i.e. when the detonating charge 
is placed in contact with the concrete structure as schematically shown in Figure 6.1. 
However, provided that the charge is large enough, such damages may also appear 
when the charge is located at a large distance; e.g. up to several meters. 
 
Sd spalling 
charge 
crater Cd 
t 
 
Figure 6.1 Schematic illustration of cratering and spalling in concrete structure 
subjected to the load from a contact detonation. Breaching is obtained 
if the depth of the crater and the spalling reach each other. Concrete 
thickness t, crater depth Cd and spall depth Sd are marked. 
 
6.2 FKR 
In FKR it is assumed that the charge is placed in contact with the concrete structure 
for the expressions given related to spalling and breaching. Based on these 
expressions the minimum thickness of a concrete slab may be determined in order to 
avoid different types of damage. In Figure 6.2 the type of local damage assumed in 
FKR, due to a contact detonation, is illustrated for a case of protection level B1. The 
concrete slab thickness needed for different protection levels is determined according 
to equation (6.1) to (6.3).  
 
spalling 
t 
1.4∙t 
0.6∙t 
Cd,B = 0.2∙t 
Sd,B = 0.35∙t 
crater 
 
Figure 6.2 Schematic illustration of local damage due to a contact detonation in 
protection level B. Based on FKR 2011, Fortifikationsverket (2011). 
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Protection level A (no spalling)  
3/1
, 78.0 Wrtt tFKRspallA   (6.1) 
Protection level B (spalling is obtained but no breaching; schematic local damage is 
obtained as shown in Figure 6.2) 
3/131.0 Wrt tB   (6.2) 
Protection level C (limit for when breaching is obtained) 
3/1
, 18.0 Wrtt tFKRbreachC   (6.3) 
Here W is the charge weight (equivalent amount of TNT) in [kg] and rt is a factor 
taking into account the concrete strength.  
In order to use the expressions in equations (6.1) to (6.3) the concrete must fulfil the 
condition that  
MPa 40, cubeckf  (6.4) 
If a stronger concrete is used the required concrete thickness t may be reduced using 
the factor
9
 
cubeck
t
f
r
,
40
  MPa 48, cubeckf  (6.5) 
The resulting crater depth Cd and spall depth Sd is obtained for protection level B1 in 
accordance with Figure 6.2 as 
BBd tC  20.0,  (6.6) 
BBd tS  35.0,  (6.7) 
where tB is the necessary slab thickness according to equation (6.2). No instructions 
for the crater or spall depth are given for any other protection levels; it is evident from 
the expressions from the different protection levels, though, that the spall depth 
decreases with increased slab thickness. Further, it is interpreted here that the 
expressions for protection level A and C shall be used in order to determine the 
concrete slab thickness necessary to avoid spalling and breaching, respectively. 
It is reasonable to believe that the crater depth will be the same for a given charge 
regardless of the slab thickness. Hence, based on these equations it is possible to 
estimate the crater depth of thicker slabs where spalling does not occur. Combining 
equation (6.1) and (6.2) you get  
AAB ttt  40.0
78.0
31.0
 (6.8) 
                                                 
9
 In FKR 2011 the expression for this factor is rt = (32 / fck)
0,5
 while it at the same time is stated that 
fck ≥ 40 MPa. After a discussion with the founder of the expression, Svedbjörk (2012), it has been 
confirmed that the correct expression shall be as stated in equation (6.5) and that fck refer to the 
characteristic concrete cube strength; i.e. fck,cube.  
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which together with equation (6.5) gives that the crater depth Cd, for a slab thickness 
where spalling is avoided (protection level A), can be determined as 
AAAd ttC  08.040.020.0,  (6.9) 
Using the same method it can be shown that the crater depth at breaching (protection 
level C) can be determined as  
CCCd ttC  34.0
18.0
31.0
20.0,  (6.10) 
However, a similar recalculation of the spall depth Sd is not deemed to be possible.  
In the design the concrete slab thickness td is determined as  
tt fmnd    (6.11) 
where γfmn is a partial coefficient according to Section 3.3.1. 
6.3 Eurocode 2 
In Eurocode 2 there is no special control of failure due to spalling or breaching.  
 
6.4 UFC 
In UFC there are empirical expressions given of what concrete thickness is required in 
order to avoid spalling or breaching of the structure. Spalling is avoided if  
5,05,2, 13613.001004.002511.0  

r
t UFCspall  (6.12) 
and breaching is avoided if  
2, 049265.0144308.0028205.0  

r
t UFCbreach  (6.13) 
where ψ is a coefficient that, for a hemispherical noncontact charge without a mantle, 
can be determines as 
353.0266.0926.0  Wfr cnoncontact  (valid for 0.5 ≤ ψ ≤ 14) (6.14) 
For a hemispherical contact charge without a mantle it can be determined as  
341.0308.0972.0527,0  Wfr cnoncontact  (valid for 0.5 ≤ ψ ≤ 14) (6.15) 
Here r is the distance (expressed in [ft]) from the charge centre point to the surface of 
the concrete, fc is the concrete compressive strength (expressed in [psi]) and W is the 
weight of the charge (expressed in [lb]). Since equation (6.12) and (6.13) are 
expressed in imperial units these are also used to determine the factor ψ. 
In contrast to FKR the distance r between the charge and the concrete surface is a 
parameter when determining the required concrete thickness to avoid spalling or 
breaching. Hence, it is possible to estimate these effects also for cases where the 
charge is not placed in contact with the concrete structure. In UFC no information is 
given of how to estimate the crater depth or spall depth. 
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6.5 Cormie et al. 
In Cormie et al. empirical expressions are given to determine the required concrete 
thickness in order to avoid spalling or breaching of the structure. Spalling is avoided if  
31
62.0
31,
07.0 /
/Cospall
W
W
r
t 







 (6.16) 
and breaching is avoided if  
31
62.0
31,
03.0 /
/Cobreach
W
W
r
t 







 (6.17) 
In Cormie et al. SI units are consistently used and r is the distance (expressed in [m]) 
between charge and concrete surface, and W denotes the weight (expressed in [kg]) of 
a spherical charge. To account for a hemispherical charge the charge mass is instead 
determined as  
WW  mod  (6.18) 
where α = 1,8 is a factor due to mirroring.  
As in UFC it is possible to estimate the risk of spalling and breaching for a case where 
the charge is not placed in contact with the concrete structure. In Cormie et al. no 
information is given of how to estimate the crater depth or spall depth. 
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7 Case studies 
7.1 Method 
In order to compare the regulations treated in this report a simply supported strip in a 
one-way slab subjected to an evenly distributed impulse load is studied. Load 
condition, geometry and boundary conditions are shown in Figure 7.1. 
 
t 
P 
t1 
P1 
i1 
 
 
P(t) 
l 
 
 
h 
1.0 m 
As 0.05 
 
Figure 7.1 Load condition and geometry of simply supported beam studied. 
A set of parameters were chosen for a basic case and the comparison was then made 
by changing one parameter at a time. The parameters varied were (basic values are 
underlined):  
 Concrete quality [C25/40, C50/60] 
o Compressive strength, fck: [25, 50] MPa 
o Young´s modulus, Ec: [30, 37] GPa 
 Slab thickness, h: [250, 500] mm 
 Span length of slab strip, l: [2.5, 5.0] m 
 Reinforcement amount, ρ: [0.1-0.5] % 
 Load peak pressure, P1: [1000, 2000] kPa 
Further, the following reinforcement strengths (class C) were used: 
 Yield strength, fy: 500 MPa 
 Ultimate strength, fu: 575 MPa (η = 1.15) 
 Average tensile strain in reinforcement (used in FKR only), εsu = 30 ‰ 
In the comparisons made here UFC and Cormie et al. are both presented for two types 
of cross sections (I and II) according to Section 3.3.3 and Section 3.3.4, respectively, 
while FKR and Eurocode are presented by a single type each. 
Only those parameters that have any influence of the capacities studied are shown; 
e.g. the span length l or peak pressure P1 do not have any influence on the bending 
moment capacity in any of the regulations studied and are hence also omitted in the 
comparison made. Further, since the impulse load i1 does not affect any of the 
capacities studied it is and hence not included as a parameter.  
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7.2 Material strength 
7.2.1 Comparison 
In Section 3.3 it is described how the design strength of concrete and reinforcement is 
determined in the regulations compared in this report. In Table 7.1 and Table 7.2 a 
comparison of the coefficients used to determine the design strength of concrete and 
reinforcement, respectively, in bending is presented.  
In order to describe the effect on the final design strength of concrete a coefficient  
c
cc
c
DIF




  (7.1) 
is introduced, where αc and γc are coefficients used in Eurocode 2 (here γfmn, used in 
FKR, is equated as γc) and DIFc is a coefficient used in UFC and Cormie et al. The 
final design compressive strength fcd can then be determined as 
ckccd ff    (7.2) 
where fck is the characteristic compressive strength of concrete. In Table 7.1 a 
comparison of the coefficient λc is made for the case studies made in this report; it is 
also normalised with regard to the value obtained according to Eurocode 2. 
Table 7.1 Comparison of coefficient λc for the effective concrete design strength 
used in bending. For shear capacity λc = 1.00 for all regulations 
compared.  
Regulation αc 
[-] 
γc 
[-] 
DIFc 
[-] 
λc 
[-] 
λc / λc,EC 
[-] 
FKR 
1)
 1.00 1.0 1.00 1.00 1.20 
Eurocode 2 1.00 1.2 1.00 0.83 1.00 
UFC 
2)
 1.00 1.0 1.19 1.19 1.43 
Cormie et al. 0.85 1.2 1.25 0.89 1.06 
1)
 γc = γfmn is used for function availability of level 1 and protection level C. 
2)
 DIFc is used for far design range. 
A similar comparison can be made for the design strength of reinforcement. Here, 
though, the possible effect of strain hardening also has to be taken into account. As 
described in Section 3.3 the effect of reinforcement strain hardening, i.e. the 
reinforcement ultimate strength fu, is normally not taken into account when 
determining the bending moment capacity MRd.; i.e. fu = fy is assumed. However, for 
Type II cross sections in UFC and Cormie et al., this effect is accounted for in the 
design, and hence, an increased strength is also obtained. Based on equation (3.7) and 
(3.13) the ratio between the reinforcement capacity fs and yield strength fy can be 
expressed as 
4
3 ,uss
y
s
DIFDIF
f
f 


 ≥ DIFs (7.3) 
where  
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y
u
f
f
  (7.4) 
and DIFs and DIFs,u is the dynamic increase factor for yield strength fy and ultimate 
strength fu, respectively. Here a reinforcement class C is assumed which means that 
η = 1.15 for Type II cross sections and η = 1.00 for all other cases.  
Based on this the coefficient 
y
s
s
s
f
f



1
 (7.5) 
is introduced to describe the effect on the final effective design strength of 
reinforcement, and based on this the final design reinforcement strength fsd for 
bending capacity can be determined as 
yssd ff    (7.6) 
where fy is the yield strength of the reinforcement. In Table 7.2 a comparison of the 
coefficient λs is made for the case studies made in this report. Further, a normalised 
value of λs, with regard to the value obtained according to Eurocode 2, is also 
presented. 
Table 7.2 Comparison of reinforcement design strength for bending moment. 
Regulation γs 
[-] 
DIFs 
[-] 
DIFs,u 
[-] 
η 
[-] 
fs / fy 
[-] 
λs 
[-] 
λs / λs,EC 
[-] 
FKR 
1)
 1.0 1.00 1.00 1.00 1.00 1.00 1.00 
Eurocode 2 1.0 1.00 1.00 1.00 1.00 1.00 1.00 
UFC, Type I 1.0 1.17 1.05 1.00 1.17 1.17 1.17 
Cormie, Type I 1.0 1.20 1.05 1.00 1.20 1.20 1.20 
UFC, Type II 1.0 1.17 1.05 1.15 1.18 1.18 1.18 
Cormie, Type II 1.0 1.20 1.05 1.15 1.20 1.20 1.20 
1)
 γs is used for function availability of level 1 and protection level C. 
2)
 DIFs and DIFs,u are used for far design range. 
 
7.2.2 Comments 
From Table 7.1 it can be noted that the design material strength of concrete is 
somewhat higher in FKR than in Eurocode 2 and Cormie et al., but lower than that 
used in UFC. The differences are due to different values on the partial coefficient γc 
and strain rate effects DIFc. From Table 7.2 it can be seen that the design material 
strength for reinforcement is the same in FKR and Eurocode 2, but lower than that 
used in UFC and Cormie et al. The main reason for this is the strain rate effects DIFs 
that are accounted for in the latter. The effect of strain hardening, though, is more or 
less negligible due to different DIF values for yield strength fy and ultimate strength 
fu.  
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The difference in concrete strength has a very minor effect on the moment capacity of 
a reinforced cross section, and hence this difference is not important. However, the 
increase in reinforcement strength does have a direct effect since the moment capacity 
is almost proportional to the reinforcement strength. Hence, an increase in 
reinforcement strength with 20 % also increases the moment capacity with nearly as 
much.  
Strain rate effects are a well-known phenomenon that will increase the strength of a 
impulse loaded structure. Historically, this effect has conservatively not been included 
in the design of Swedish fortification structures; neither by Fortifikationsverket or 
MSB. Depending on load case, this caution may be sound; however, a general use of 
strain rate effects according to the DIF factors presented in UFC and Cormie et al., is 
not believed by the authors of this report to be entirely appropriate. However, it may 
well be argued that this strengthening effect to some extent should be included; at 
least in such cases where the strain rate will be very high. For which cases it would be 
suitable to do so, though, have not been further investigated in this report.  
However, as described in Section 5.2 an increase in moment capacity also increase the 
design shear force, regardless which regulation is used. Hence, it can be argued that it 
is on the unsafe side for the shear force control not to include the strain rate effects 
when determining the moment capacity of the structure. This stand point, though, 
opens up an interesting, but difficult, discussion of how the material parameters in the 
design of structures subjected to impulse loading should be chosen. Based on this it 
can be argued that an upper characteristic material strength, not a lower characteristic 
strength (which is currently prescribed to be used in all regulations compared) should 
be used for fc and fy when estimating the moment capacity used to determine the 
design shear strength. This subject is briefly discussed in Johansson (2014), but even 
though such a discussion would be of interest, it is not the purpose of this report to 
further deal with this controversy. Hence, it is here contently assumed that such 
effects are sufficiently handled by the conservatism present within the method used to 
determine the shear strength capacity in the respective regulations.  
 
7.3 Bending moment 
7.3.1 Moment capacity 
7.3.1.1 Comparison 
The moment capacity for the basic input data, according to Section 7.1, is shown in 
Figure 7.2. From this it can be seen that FKR and Eurocode more or less produce 
identical capacities. For Type I cross sections, though, the moment capacity is higher 
in both UFC and Cormie et al., while it is lower for Type II cross sections. The former 
is due to increased material strength, as described in Section 7.2, while the latter is 
due to decreased cross section height, as described in Section 4.3.3 and Section 4.3.4. 
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Figure 7.2 Comparison of moment capacity for various reinforcement amount 
when basic input data according to Section 7.1 is used.  
In Figure 7.3 the effect on the moment capacity due to increased concrete 
compressive strength fck is shown. An increased concrete strength reduces the height 
of the compressive zone x in the cross section and thus increase the internal lever arm 
z as shown in Figure 4.3. This change has a very minor effect on Eurocode and Type I 
cross sections in UFC and Cormie et al. However, in FKR or for Type II cross 
sections in UFC and Cormie et al. there is no effect at all since the height of the 
compressive zone is not included in these expressions. The overall change in moment 
capacity is, due to the relatively small reinforcement amounts used in this comparison, 
very small when changing the concrete compressive strength. 
 
Figure 7.3 Comparison of moment capacity for various reinforcement amount 
when a concrete compressive strength of fck = 50 MPa is used.  
0
20
40
60
80
100
120
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
M
o
m
en
t 
ca
p
a
ci
ty
, 
M
R
d
[k
N
m
]
Reinforcement ratio,  [%]
Comparison - Moment capacity
FKR
Eurocode
UFC-I
UFC-II
Cormie-I
Cormie-II
P1 = 1000 kPa
l = 2.5 m
h = 250 mm
fck = 25 MPa
0
20
40
60
80
100
120
140
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
M
o
m
en
t 
ca
p
a
ci
ty
, 
M
R
d
[k
N
m
]
Reinforcement ratio,  [%]
Comparison - Moment capacity
FKR
Eurocode
UFC-I
UFC-II
Cormie-I
Cormie-II
P1 = 1000 kPa
l = 2.5 m
h = 250 mm
fck = 50 MPa
52 CHALMERS, Civil and Environmental Engineering, Report 2016-16 
In Figure 7.4 the effect on the moment capacity due to increased slab thickness h is 
shown. An increased slab thickness increases the internal lever arm z and thus also 
increases the moment capacity in all cases. Further, an increased slab thickness also 
affects the reinforcement ratio of the cross section. Hence, a kept reinforcement ratio 
means that the reinforcement amount, and hence the moment capacity, also increase 
with increased slab thickness. In this case it can also be seen that the moment capacity 
of Type II cross sections is higher than the moment capacity of FKR and Eurocode. 
This occurs since the decrease in internal lever arm z is overshadowed by the 
increased material strength obtained in UFC and Cormie et al.  
 
Figure 7.4 Comparison of moment capacity for various reinforcement amount 
when a slab thickness of h = 500 mm is used.  
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7.3.1.2 Comments 
All-in-all the moment capacity is determined using the same conceptual model in all 
regulations compared; the difference in result is mainly due to different view of the 
material strength and (for Type II cross sections) due to decrease of the internal lever 
arm. 
The difference between FKR and Eurocode is small but unnecessary for the cases 
studied here. However, the expressions used in FKR can be used for other type of 
structures as well (e.g. a beam with a T-shaped cross section) or the possibility to use 
a higher reinforcement ratio could perhaps be allowed, and it would therefore be 
worthwhile to base the moment capacity on a more general expression. It is therefore 
recommended that the expressions in FKR are changed to those used in Eurocode 2 in 
order to better reflect a more general equilibrium case.  
 
7.3.2 Plastic deformation capacity 
7.3.2.1 Comparison 
The plastic deformation capacity uRd depends, among all, on the span length l. Hence, 
in order to make a direct comparison possible for slab strips of different span lengths 
the ratio l / uRd is used here; i.e. a small value on l / uRd indicates a good plastic 
deformation capacity.  
A new category, denoted MSB, is also included in the comparison made in this 
section. It corresponds to the method suggested by MSB, see Section 4.4.3, and 
corresponds to the plastic deformation capacity provided by Eurocode 2 times two; 
i.e.  
ECRdMSBRd u
l
u
l
,, 2
1
    →   ECRdMSBRd uu ,, 2   (7.7) 
The ratio of the plastic deformation capacity for the basic input data, according to 
Section 7.1, is shown in Figure 7.5. From this it can be seen that there is a large 
discrepancy in the results between different regulations and different type of cross 
sections. The results for FKR are close to that of UFC and Cormie et al. when 
assuming a Type II cross section. In the other end of the spectra Eurocode 2 and 
Cormie et al, Type I cross section, show relatively similar deformation capacities.  
The change of direction in l / uRd in Figure 7.5 can clearly be seen for Eurocode 2 and 
MSB and vaguely also for FKR. This change of direction indicates a change in failure 
mode from rupture of reinforcement (low ρ) to concrete crushing (large ρ). For UFC 
and Cormie et al., though, no such indications exist since, for them, failure is defined 
to always be reached due to concrete crushing, see Section 4.4.4.  
In Figure 7.6 the effect on the plastic deformation capacity due to increased concrete 
compressive strength fck is shown. This change has a very minor impact on the results 
obtained when using FKR. However, the change of direction in l / uRd obtained in 
Figure 7.5, indicating change of failure mode, has disappeared. This is even clearer 
for results obtained using Eurocode 2 or MSB; the increase in concrete strength means 
a decreased chance of obtaining failure due to concrete crushing. In Figure 7.6 there is 
no longer a change of direction in the graph for Eurocode 2 or MSB; and hence for 
this case the cause of failure predicted is rupture of the reinforcement. 
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Figure 7.5 Comparison of the ratio of plastic deformation capacity for various 
reinforcement amount when basic input data according to Section 7.1 
is used.  
 
Figure 7.6 Comparison of the ratio of plastic deformation capacity for various 
reinforcement amount when a concrete compressive strength of 
fck = 50 MPa is used.  
In Figure 7.7 the effect on the plastic deformation capacity due to increased slab 
thickness h is shown. This change reduces the plastic deformation capacity in FKR, 
Eurocode 2 and MSB; i.e. an increased slab thickness h has a negative effect on the 
plastic deformation capacity. Further, the increased slab thickness makes the result 
from FKR become more similar to those of UFC when assuming a Type I cross 
section. 
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Figure 7.7 Comparison of the ratio of plastic deformation capacity for various 
reinforcement amount when a slab thickness of h = 500 mm is used.  
 
Figure 7.8 Comparison of the ratio of plastic deformation capacity for various 
reinforcement amount when a span length of l = 5.0 m is used.  
In Figure 7.8 the effect on the plastic deformation capacity due to increased span 
length l is shown. This change increases the plastic deformation capacity in FKR, 
Eurocode 2 and MSB; i.e. an increased span length l has a positive effect on the 
plastic deformation capacity. Further, the increased span length makes the results 
from FKR more similar to those of UFC when assuming a Type II cross section. 
The effect of an increased slab thickness h and an increased span length l are similar 
in concept but reversed. A look at the expressions in Section 4.4.4 and Section 4.4.5 
for FKR and Eurocode 2, respectively, makes it clear that  
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






d
l
u FKRRd 3.01,  (7.8) 
d
l
u ECRd ,  (7.9) 
for a simply supported strip subjected to an evenly distributed load. Consequently, the 
effect on uRd, due to changed ratio l / d, will always be larger for the expressions given 
in FKR than for those given in Eurocode 2.  
 
7.3.2.2 Comments 
Based on the comparison in Section 7.3.2.1 the following observations are made 
regarding the influence of parameters studied on the ratio of plastic deformation 
capacity l / uRd: 
 High concrete strength fck – very small increase in capacity (can be negative in 
Eurocode, no change in other regulations). 
 Large slab thickness h – decreased capacity (larger decrease than in Eurocode, 
no change in other regulations).  
 Increased span length l – increased capacity (larger increase than in Eurocode, 
no change in other regulations). 
The plastic deformation capacity in FKR is larger than that obtained using Eurocode. 
This is not unrealistic since the safety concept in Eurocode is different compared to 
that in FKR. However, the expression in FKR is based on an older, more ductile, type 
of reinforcement. This means that there is a risk that the expressions in FKR are non 
conservative with respect to the type of reinforcement used in Sweden today. This has 
also been investigated by Svedbjörk (2014), using an extensive test series carried out 
at KTH in 2000-2005, see e.g. Ansell and Svedbjörk (2000, 2003, 2005). In this 
investigation Svedbjörk concluded that the plastic deformation capacity obtained was 
considerably higher than that proposed in Eurocode 2 but also that there is a risk that 
the expressions in FKR overestimate the plastic deformation capacity. The latter 
conclusion was mainly related to the measurements of average plastic reinforcement 
strain in the plastic hinges; the value of εsu = 75 ‰ that is recommended in FKR for 
reinforcement of class C was concluded to be too high. The value used in this 
comparison, i.e. εsu = 30 ‰, is based on the same test series that were used by 
Svedbjörk and is hence, believed to be an appropriate value.  
The plastic deformation capacity obtained using FKR is relatively similar to those 
obtained when using UFC or Cormie et al. when assuming a Type II cross section; i.e. 
when stirrups are provided in the slab. In Svedbjörk (2014) it was proposed that a 
variant of the concept used in UFC should be used in FKR as well. However, as 
briefly stated in Section 4.4.4 the expressions given in UFC and Cormie et al. are, by 
the authors of this report, believed to be very rough and not something to strive for. 
Further, the ductility of the reinforcement used in the USA and in Europe is not the 
same; based on Table 4.1 and Table 4.3, more ductile reinforcement is used in USA 
than in Europe. This might also be a reason why the limit values for plastic rotation 
capacity used in Cormie et al. are somewhat lower than those used in UFC. Therefore, 
it is here recommended to keep the current concept used in FKR to determine the 
plastic deformation capacity. 
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Even though it is not included in this report it should also be mentioned that the 
plastic rotation capacity, and thus also the plastic deformation capacity, in a strip with 
fully fixed supports would be considerably smaller in FKR and Eurocode 2 than what 
is the case for a simply supported beam. However, in UFC and Cormie et al. this is 
not the case; in those regulations the plastic deformation capacity is unaffected by the 
boundary condition. This is another reason of why it is recommended to not apply the 
concept of plastic deformation capacity used in UFC and Cormie et al. 
 
7.3.3 Stiffness 
7.3.3.1 Comparison 
In Section 4.2 expressions are given of how the moment of inertia Ic of a concrete slab 
strip is determined in different regulations. Based on this a stiffness ratio ηI,FKR can be 
defined as  
FKRc
c
FKRI
I
I
,
#,
,   (7.10) 
in order to compare how the moment of inertia in regulation # compared to that in 
FKR. Here Ic,# is the moment of inertia in regulation # and Ic,FKR is the moment of 
inertia in FKR, see equation (4.23).  
In Figure 7.9 this stiffness ratio is compared with Eurocode 2 and UFC (Cormie et al. 
is assumed to use the same expression as Eurocode 2). From this it can be seen that 
there is a considerable difference in stiffness used in the regulations compared. The 
reason for this is that Eurocode 2 is fully based on the stiffness of a cracked cross 
section, while UFC is based on an average stiffness of an uncracked and a cracked 
cross section. The stiffness in FKR is somewhere in between these two cases.  
In order to better understand the difference between the stiffness used in FKR, 
Eurocode 2 and UFC it is of interest to determine how large part of the uncracked and 
cracked stiffness is assumed when determining the moment of inertia Ic,FKR. Here it is 
assumed that the moment of inertia in FKR can be expressed as  
  IIIFKRc III   1,  (7.11) 
where II and III are the moment of inertia for an uncracked and cracked cross section, 
respectively, and λ is a stiffness coefficient. This coefficient can then be determined as  
III
IIFKRc
II
II



,  (7.12) 
and using this expression a relation according to Figure 7.10 can be determined when 
concrete strength and slab thickness is varied. From this it can be concluded that 
λFKR ≈ 0.1-0.2, which can be compared to λEC = 0.0 and λUFC= 0.5.  
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Figure 7.9 Comparison of the stiffness ratio according to equation (7.10). A ratio 
of 1.0 corresponds to the stiffness used in FKR.  
 
Figure 7.10 Comparison of the stiffness coefficient λ according to equation (7.10) 
for moment of inertia in FKR. 
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7.3.3.2 Comments 
The concept used in FKR to determine the stiffness of a cracked one-way slab is a 
variant somewhere in between a partially and a fully cracked strip. Depending on the 
slab thickness and reinforcement amount the resulting stiffness in FKR is about 2-4 
times larger than that used for a fully cracked strip and about a factor of 1.5-4 times 
smaller than the stiffness proposed in UFC. For the cases investigated here it has been 
found that the stiffness in FKR corresponds to a value of approximately 10-20 % of an 
uncracked cross section and 80-90 % of a cracked cross section. This is believed to be 
a rather realistic approximation and it is therefore believed that the expression to 
determine an effective moment of inertia in FKR is appropriate to use for the type of 
structure studied in this report. However, in order to further generalise the method to 
determine the stiffness of the structure it is recommended to base the final moment of 
inertia on an expression similar to equation (7.11), where the uncracked and cracked 
moment of inertia is based on the method described in Section 4.2.1. If doing so the 
stiffness coefficient λ could be set to 0.1-0.2 in accordance with what is currently used 
in FKR. Such a change would increase the possibility to use FKR for other type of 
structures as well (e.g. a beam with a T-shaped cross section).  
 
7.3.4 Reinforcement amount 
7.3.4.1 Comparison 
In Table 7.3 the minimum reinforcement amount for bending moment, according to 
Section 4.1, is compared for a case when fyk = 500 MPa. From this it can be seen that 
the minimum reinforcement amount demanded in FKR is substantially smaller than in 
Eurocode 2, UFC and Cormie et al. The amount demanded in Eurocode 2 and Cormie 
et al. are about 45-60 % higher and the amount demanded in UFC is about 65-70 % 
higher than that demanded in FKR.  
Table 7.3 Comparison of minimum reinforcement amount ρmin due to bending 
moment when fyk = 500 MPa. 
fck   fck,cube 
1)
    fctm 
2)
 ρmin,FKR ρmin,EC ρmin,UFC ρmin,Co 
[MPa] [MPa] [MPa] [%] [%] [%] [%] 
25 30 2.6 0.10 0.13 0.16 0.13 
30 37 2.9 0.11 0.15 0.17 0.15 
35 45 3.2 0.13 0.17 0.18 0.17 
40 50 3.5 0.13 0.18 0.20 0.18 
45 55 3.8 0.14 0.20 0.21 0.20 
50 60 4.1 0.15 0.21 0.22 0.21 
1)
 Compressive cube strength according to Eurocode 2 for the 
given value of fck. 
2)
 Mean tensile strength according to Eurocode 2 for the given 
value of fck. 
 
 
60 CHALMERS, Civil and Environmental Engineering, Report 2016-16 
In Table 7.4 the maximum reinforcement amount for bending moment, according to 
Section 4.1, is compared for a case when fyk = 500 MPa. From this it can be seen that 
there is a large difference between FKR and the other regulations compared. This 
discrepancy also increases with increased concrete strength.  
Table 7.4 Comparison of maximum reinforcement amount ρmax due to bending 
moment when fyk = 500 MPa. 
fck ρmax,FKR ρmax,EC ρmax,UFC ρmax,Co 
[MPa] [%] [%] [%] [%] 
25 0.5 2.3 1.5 2.1 
30 0.5 2.8 1.8 2.5 
35 0.5 3.3 2.1 3.0 
40 0.5 3.7 2.4 3.4 
45 0.5 4.2 2.7 3.8 
50 0.5 4.7 3.0 4.2 
 
As a further comparison to the values in Figure 7.10 and Figure 7.11 it can also be 
mentioned that the reinforcement amount allowed in the Swedish shelter regulations, 
MSB (2015) are ρmin,MSB = 0.14 % and ρmax,MSB = 1.1 %, respectively. 
 
7.3.4.2 Comments 
The minimum reinforcement amounts proposed in FKR are notable smaller than those 
proposed in Eurocode 2, UFC and Cormie et al. The background for the expression 
used in FKR is not fully clear while it is known for the other regulations. Based on 
this it is recommended to increase the minimum reinforcement amount in FKR to be 
in line with that proposed in e.g. Eurocode 2.  
It can correctly be argued that it is not realistic to use a reinforcement amount of 2 to 
4 % in a slab. However, it is realistic to use an amount that is higher than 0.5 % (i.e. 
the amount allowed in FKR); e.g. 1.0 to 1.5 %. For a structure subjected to impulse 
loading, a low reinforcement ratio is positive in many aspects. Hence, if possible it is 
advantageous to limit the reinforcement amount to a low value; e.g. 0.5 % as is done 
in FKR. This can probably also be fulfilled in structures, whose main purpose is to 
withstand extreme loads such as impulse loading from an explosion. However, taking 
into account the demands present today there is also a need for different type of civil 
structures to be designed with regard to impulse loading; e.g. road traffic tunnels or 
buildings in the industry that handles flammable substances. Such structures may 
contain notably higher reinforcement amounts than ρ = 0.5 %; and hence, there is also 
a need to incorporate the use of higher reinforcement amounts in a regulation as FKR.  
The limitation of maximum reinforcement amount to 0.5 % in FKR is based on the 
reasoning that concrete crushing should be avoided as cause of failure in the plastic 
response of a structure. However, theoretically concrete failure is even now obtained 
when using a concrete of strength fck = 25 MPa, see e.g. Figure 7.5. Further, there is 
no need to be too cautious regarding failure due to concrete crushing. This thought is 
also strongly supported by Table 7.4, in which it is evident that the maximum 
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reinforcement amount in other regulations is allowed to be considerably higher. 
Further, in the Swedish shelter regulations, MSB (2015),  
Based on this it is recommended that the allowed reinforcement amount in FKR is 
increased; e.g. to 1.0 %. However, the current limitation of 0.5 % could still be a 
recommended maximum value in structures whose main purpose is to withstand 
impulse loading from explosions.  
 
7.4 Shear 
7.4.1 Comments on difference in control of shear capacity 
The concept used in FKR for the control of shear capacity of an impulse loaded 
concrete structure differ rather substantially to that used in the other regulations 
compared in this report. This statement is true for both of how the design shear force 
and the design shear strength is determined.  
The concept applied in FKR when determining the design shear force is to take into 
account the large shear forces that occurs at a very early initial phase (denoted as the 
elastic deformation phase in FKR) of the structure that is subjected to the impulse 
loading. The method used in FKR is developed in order to describe the ability of the 
concrete structure to withstand this initial loading, and hence also focuses on the 
structural shear response close to the support. The design shear force can therefore be 
said to be based upon the support reaction of a simplified dynamic force equilibrium 
in the structure. Further, the concept used to determine the concrete shear capacity is 
based on the concrete compressive strength rather, than what is normally the case 
when determining the shear capacity in statically loaded concrete structures, the 
concrete tensile strength
10
. This implies that a compressive strut failure, i.e. some type 
of arch failure, is expected close to the support. 
In contrast to FKR the other regulations (Eurocode 2, UFC and Cormie et al.) do not 
make an attempt to describe what happens with the shear force in the initial stage. 
Instead, in these regulations the design shear force are all based on a concept that 
depends on the shear forces obtained in the structure at a later phase, corresponding to 
when the maximum moment capacity is reached in the structure (denoted as the 
plastic deformation phase in FKR). Hence, this phase corresponds to a load equal to 
the equivalent static load q, and it can therefore be stated that these regulations use the 
concept of equivalent static load when determining the design shear force. Due to this 
similarity it is also natural to use a design shear capacity based on what is used for 
concrete structures when subjected to ordinary static loading. 
It can perhaps be argued that the effect of the initial load stage in FKR and the control 
of direct shear failure in UFC and Cormie et al. have a similar purpose. However, 
even though there are similarities between these two concepts there are still also some 
important differences:  
 The design force used for direct shear in UFC and Cormie et al. still depends 
on the equivalent static load q at a late stage, i.e. not the initial support reaction 
as is the case in FKR.  
                                                 
10
 In Eurocode 2 and Cormie et al. the design shear strength is proportional to fck
1/3
, but in reality this 
expression can be interpreted as just an alternative way to express the concrete tensile strength. 
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 According to UFC and Cormie et al. the shear reinforcement needed to 
counter a direct shear crack has to be inclined with an angle of 45°. In 
comparison, the corresponding shear reinforcement needed to handle a shear 
crack in the initial elastic stage in FKR does not have any such limitations. 
Such shear reinforcement may instead be placed in the direction of the slab 
thickness, i.e. more or less parallel to a possible direct shear crack; and 
consequently not increasing the capacity against such a failure at all. 
 
7.4.2 Concrete shear capacity – Absolute values 
7.4.2.1 Comparison 
The shear capacity here refers to the shear capacity VRd,c provided by concrete only; 
no comparison is made on the effect of shear reinforcement, see Section 7.4.4.  
The concrete shear capacity for the basic input data, according to Section 7.1, is 
shown in Figure 7.11. From this it can be seen that the capacity given by FKR is far 
higher than that obtained in the regulations compared. Further, the capacity given in 
UFC is consistently higher than that in Eurocode 2 or Cormie et al. Due to decreased 
effective height a Type II section always results in less capacity than that of a Type II 
section.  
 
Figure 7.11 Comparison of the concrete shear capacity for various reinforcement 
amount when basic input data according to Section 7.1 is used.  
In Figure 7.12 the effect on the concrete shear capacity due to increased concrete 
compressive strength fck is shown. The general observations made in Figure 7.11 are 
still valid. However, the increase in concrete shear capacity is larger in FKR than in 
the other regulations; i.e. the deviation between FKR and the regulations compared 
increase with increased concrete strength.  
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Figure 7.12 Comparison of the concrete shear capacity for various reinforcement 
amount when a concrete compressive strength of fck = 50 MPa is used.  
In Figure 7.13 the effect on the concrete shear capacity due to increased slab thickness 
h is shown. The general observations made in Figure 7.11 are still valid. However, the 
increase in concrete shear capacity is larger in the basic case in FKR than in the other 
regulations; i.e. the deviation between FKR and the regulations compared increase 
with increased slab thickness.  
 
Figure 7.13 Comparison of the concrete shear capacity for various reinforcement 
amount when a slab thickness of h = 500 mm is used.  
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In Figure 7.14 the effect on the concrete shear strength due to increased span length l 
is shown. In FKR this change results in decreased capacity while it has no effect at all 
in the regulations compared. The reason that the span length affects the shear capacity 
in FKR is that it influences the length of the shear span aτ, see equation (5.19); a 
parameter that is not included in the shear capacity in Eurocode 2, UFC or Cormie 
et al.  
 
Figure 7.14 Comparison of the concrete shear capacity for various reinforcement 
amount when a span length of l = 5.0 m is used. 
 
7.4.2.2 Comments 
Based on the comparison in Section 7.4.2.1 the following observations are made 
regarding the influence of parameters studied on the concrete shear capacity VRd,c: 
 High concrete strength fck – increased capacity (larger increase in FKR than in 
other regulations). 
 Large slab thickness h – increased capacity (larger increase in FKR than in 
other regulations). 
 Increased span length l – decreased capacity in FKR, no change in other 
regulations. 
The concrete shear capacity VRd,c obtained using FKR is considerably larger than the 
capacity obtained in Eurocode 2, UFC or Cormie et al. This difference in capacity, 
though, does not necessarily mean that the results provided by FKR is incorrect since 
the design shear force VEd in FKR is determined differently as well. In the end it is the 
utility ratio VED / VRd,c that is of main interest and this is therefore also compared in 
Section 7.4.3. 
It can be pointed out, though, that the large influence on the concrete shear strength 
due to varying span length l is a bit strange. It can be argued that this increase in 
capacity is related to arching effects within the slab close to the support. Similar 
effects may also be taken into account in Eurocode 2 (not included in the description 
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in Section 5.2.2 though), but then by reduction of the design shear force instead of 
increased shear capacity. Further, the effect of this arching effect in Eurocode 2 is 
then also substantially smaller than what it is in FKR.  
The expression used in FKR to determine the concrete shear strength VRd,c is in 
practice a scaling of the maximum shear capacity due to shear compression failure; 
i.e. the crushing of the compressive strut in a cracked concrete structure. Hence, this 
concept is very different to that of a flexural shear crack, which is used in the other 
regulations compared.  
In FKR the concrete shear capacity is proportional to the parameter kτ, defined in 
equation (5.32) in Section 5.3.1 as 
ckf
da
k  25.0
/
45.0

  ckfk  25,0  (7.13) 
and the concrete shear capacity is thus inversely proportional to the ratio aτ / d. This 
ratio can be interpreted as the angle θ of a compressive strut following the same 
direction as the critical shear crack, compare Figure 5.2. For small values of aτ / d 
(e.g. < 2) this concept might be realistic in a section close to the support, and in line 
with so called strut-and-tie models described in e.g. Eurocode 2. However, if this is 
not the case the conceptual model for the shear force capacity can be questioned. 
Hence, it can be concluded that the model used in FKR to determine the concrete 
shear capacity may be reasonable close to the support for control of the initial elastic 
deformation phase but not in a general section. Further, the large difference in shear 
capacity, compared to what is obtained in other regulations, make it uncertain whether 
the model in FKR can be used to determine the design shear capacity in the later 
plastic deformation phase.  
According to Section 5.2.1 aτ ≤ 0,25, which in practice means that there will never be 
any shear reinforcement in at least the middle half of the loaded structure. In a case 
where the concrete shear capacity is enough this is okay but in a case where shear 
reinforcement is needed the lack of control in this part of the structure may be a 
potential problem.  
The confusion in FKR, mentioned in Section 5.3.1, regarding which method should be 
used to determine the concrete shear capacity, may influence the observations made 
above. The limitation given in equation (5.28), i.e. that an approach related to deep 
beam theory should be used when aτ / d ≤ 1.5, may indicate that the method used in 
the comparisons made here is only valid within this limitation. For those cases when 
aτ / d > 1.5 another approach should perhaps be used. However, this is unclear in FKR 
and if this is the intention it has to be clarified which method should be used. 
Currently, the design shear load VEd,FKR, defined in equation (5.10), is based on a 
section control located close to the support. Hence, this value may still be used for 
control of the initial elastic deformation phase but probably not for the later elastic 
deformation phase.  
 
 
 
  
66 CHALMERS, Civil and Environmental Engineering, Report 2016-16 
7.4.3 Concrete shear capacity – Utility ratio 
7.4.3.1 Comparison 
In this Section the utility ratio of the concrete shear capacity is determined as  
cRd
Ed
V
V
V
cRd
,
,
  (7.14) 
where VEd is the design shear force and VRd,c is the concrete shear capacity. In FKR, 
the design shear force VEd depends on which deformation phase is checked. Here, 
only the initial elastic phase (the most critical one), is compared. 
The shear utility ratio for the basic input data, according to Section 7.1, is shown in 
Figure 7.15. From this it can be seen that the shear utility ratio obtained using FKR 
has a different variation with regard to the reinforcement ratio, compared to the other 
regulations. The definition of design shear force VEd is the same in Eurocode 2, UFC 
and Cormie et al. (i.e. based on equivalent static load); and hence, the variation of the 
utility ratio will be a function of the moment capacity in Figure 7.2 and concrete shear 
capacity in Figure 7.11. Since those values are fairly well gathered the deviation of 
the resulting shear utility ratios is also relatively small. In FKR, though, the design 
shear strength is determined using a different concept and the concrete shear capacity 
differs considerably, see Section 5.2.1 and Section 7.4.2, respectively. Therefore, it is 
not surprising that the shear utility ratio for FKR differs to that of the other regulations 
compared. 
 
Figure 7.15 Comparison of the utility ratio of concrete shear capacity for various 
reinforcement amount when basic input data according to Section 7.1 
is used.  
In Figure 7.16 the effect on the shear utility ratio due to increased concrete 
compressive strength fck is shown. From this it can be seen that an increased concrete 
strength generally also results in decreased shear utility ratios. As concluded in 
Section 7.4.2 an increased concrete strength leads to higher increase of the concrete  
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shear strength in FKR than in the other regulations and, therefore, the decrease in the 
FKR utility ratio is also larger. Accordingly, it now becomes evident that there is a 
considerable difference in shear utility ratio between FKR and the other regulations 
compared.  
 
Figure 7.16 Comparison of the utility ratio of concrete shear capacity for various 
reinforcement amount when a concrete compressive strength of 
fck = 50 MPa is used.  
 
Figure 7.17 Comparison of the utility ratio of concrete shear capacity for various 
reinforcement amount when a slab thickness of h = 500 mm is used.  
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In Figure 7.17 the effect on the shear utility ratio due to increased slab thickness h is 
shown. The effect in FKR is that the utility ratio decreases somewhat compared to the 
basic case in Figure 7.15. For the other regulations, though, the result is dramatically 
different; the shear utility ratio increase with about a factor of two. Consequently, the 
effect on the shear utility ratio, due to an increased slab thickness, differs considerably 
between, on one hand, FKR and, on the other hand, Eurocode 2, UFC and 
Cormie et al.  
The reason for this change is that in the latter regulations the design shear strength 
depends on the bending moment capacity MRd, which in turn is more or less 
proportional to the slab thickness h. Thus, an increase in slab thickness h also results 
in almost the same increase in design shear force VEd.  
In Figure 7.18 the effect on the shear utility ratio due to increased span length l is 
shown. From this it can be seen that there is a considerable difference in shear utility 
ratio between FKR and the other regulations compared. This is mainly because the 
design shear force decreases considerably for the latter when the span length 
increases, while it, in contrast, increases in FKR. Further, as can be seen in 
Figure 7.14 the concrete shear strength in FKR decreases with increased span length. 
Altogether, the difference in shear utility ratio, due to increased span length, is very 
large between FKR and the other regulations compared. 
 
Figure 7.18 Comparison of the utility ratio of concrete shear capacity for various 
reinforcement amount when a span length of l = 5.0 m is used.  
In Figure 7.19 the effect on the shear utility ratio due to increased load peak pressure 
P1 is shown. This parameter does not affect the utility ratio for Eurocode 2, UFC or 
Cormie et al. and hence they are identical to the basic case in Figure 7.15. However, 
in FKR an increased peak pressure results in increased design shear force VEd, and 
hence also an increase in the shear utility ratio.  
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Figure 7.19 Comparison of the utility ratio of concrete shear capacity for various 
reinforcement amount when a peak pressure of P1 = 2000 kPa for the 
impulse load is used.  
 
7.4.3.2 Comments 
Based on the comparison in Section 7.4.3.1 the following observations are made 
regarding the influence of parameters studied on the shear utility ratio VEd / VRd,c: 
 High concrete strength fck – large decrease in utility ratio in FKR, some 
decrease in utility ratio in other regulations. 
 Large slab thickness h – minor decrease in utility ratio in FKR, large increase 
in utility ratio in other regulations. 
 Increased slab length l – large increase in utility ratio in FKR, large decrease 
in utility ratio in other regulations. 
 Increased load peak pressure P1 – some increase in utility ratio in FKR, no 
change in utility ratio in other regulations. 
Compared to Eurocode 2, UFC and Cormie et al. the shear utility ratio obtained when 
using FKR is very unstable. Further, the effect on the shear utility ratio is in many 
cases the opposite in FKR in relation to the other regulations compared. Thus, it can 
be concluded that the results related to concrete shear failure is very different in FKR 
compared to Eurocode 2, UFC and Cormie et al.  
The concept for the design against shear forces in FKR is very different to the other 
regulations compared. The same holds true for the shear utility ratios obtained in the 
case study presented in Figure 7.15 to Figure 7.19. Large deviations in the results 
make it unsure to what extent is it possible to trust the concept used in FKR for 
control of shear forces. 
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In this report no comparison with experiments has been made; and hence, it is difficult 
to draw any strong conclusions regarding these deviations. However, based on the 
result instability in FKR and the large differences obtained compared to the other 
regulations compared, it is recommended to replace the method used in FKR for 
control of shear forces with another alternative. This change can either be to use the 
concept described in any of the other regulations compared in this report or it can be a 
combination of that and a newly developed concept as briefly discussed below. 
A unique part in FKR, compared to the other regulations treated in this report, is that 
it strives to take into account the effect on shear due to the initial elastic deformation 
phase. For unknown reasons this part is not even properly discussed in e.g. UFC. 
Hence, understandably, it may also be of importance for Fortifikationsverket to keep 
this part in future editions of FKR. Nevertheless, it is believed by the authors of this 
report that the present concept in FKR has to be modified. A possible conceptual way 
to handle shear in future editions of FKR is therefore sketched below:  
 As a basis for the control of shear capacity the concept used in Eurocode 2, see 
Section 5.2.2 and Section 5.3.2, is recommended to be used. This control 
corresponds to, and would hence fully replace, the control for the phase which 
FKR denotes as the plastic deformation phase.  
 In order to take into account the possible shear effects of the initial loading in 
the elastic deformation phase a new concept to determine the shear capacity 
close to the support can be developed. The concept for such a method could 
perhaps be in line with what is currently used in FKR for barriers (i.e. 
members with high cross section in relation to its span length), where the 
internal energy capacity of the compressive strut is regarded and not only its 
maximum static load capacity. Except for the design shear strength there may 
also be a need to look over the current concept used to determine the design 
shear force. 
Using an approach as sketched above the main unstable differences of shear capacity 
and shear utility ratio, between FKR and the other regulations compared with in this 
report, will disappear. At the same time, the uniqueness of the current edition of FKR, 
regarding the control of large shear forces close to the support in the initial elastic 
deformation phase, may be kept.  
 
7.4.4 Reinforcement shear capacity 
In this report no comparison is made on the effect of shear reinforcement on the total 
shear capacity in different regulations. The reason for this is the findings made in 
Section 7.4.2 and Section 7.4.3 that the concrete shear capacity VRd,c and shear utility 
ratio VEd / VRd,c, respectively, in FKR differs so much compared to that obtained when 
using the other regulations studied.  
Based on the description of the reinforcement shear capacity in Section 5.3.1, though, 
it can be concluded that the method used in FKR is complex and less intuitive than 
what is the case in the other regulations compared.  
For those cases where shear reinforcement is needed to fulfil the shear capacity in the 
structure it is recommended that a concept similar to that in Eurocode 2 is used. If not 
the practicing engineer may encounter different concepts regarding the superposition 
of shear strength contribution from concrete and steel. 
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7.4.5 Direct shear 
7.4.5.1 Comparison 
In FKR there is no special control with regard to direct shear cracks. However, there 
is a requirement in equation (5.40) that the maximum shear force are not allowed to 
exceed  
dbfV cFKREd  25.0min,,  (7.15) 
This expression corresponds to a compressive shear failure; i.e. that crushing of the 
inclined compressive strut in the cracked concrete is not reached. A similar expression 
is also used in Eurocode 2, see equation (5.44), for the same reason:  
dbf
f
V c
ck
ECcRd 






250
130.0,,  (7.16) 
In UFC and Cormie et al., direct shear is taken into account in the design. The 
expressions used to describe the concrete capacity against this type of failure, though, 
are on the exact same form as those shown in equation (7.15) and (7.16); compare 
with equation (5.54) for UFC 
dbfV cUFCdscRd  16.0,,,  (7.17) 
and with equation (5.57) for Cormie et al.  
dbf
f
V c
ck
CodscRd 






250
125.0,,,  (7.18) 
Consequently, in practice the same type of control is made in all the regulations 
compared. The difference is that in FKR and Eurocode 2 this control refers to be 
against compressive shear failure, while it in UFC and Cormie et al. refers to be 
against direct shear.  
In UFC and Cormie et al., there are also other requirements of when inclined shear 
reinforcement is needed in order to handle direct shear; related to e.g. the boundary 
condition or plastic deformation capacity. In FKR and Eurocode 2, though, there are 
no requirements of special shear reinforcement in order to use a certain plastic 
deformation capacity. Consequently, it is here believed to be acceptable to disregard 
from any special shear reinforcement requirements related to a failure mode such as 
direct shear. 
 
7.4.5.2 Comments 
Based on the similarities of the expressions used in different codes for shear 
compressive failure (FKR and Eurocode 2) and direct shear (UFC and Cormie et al.) 
it is here interpreted that these checks fill the same purpose. Consequently, this 
control is already included in the current expressions in both FKR and Eurocode 2; 
and thus, no special measures has to be taken with regard to direct shear. Neither is it 
believed that there is a need to put in extra inclined reinforcement close to the support 
to handle direct shear. 
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7.5 Spalling and breaching 
7.5.1 Charge in contact with slab 
7.5.1.1 Comparison 
The empirical expression for spalling and breaching given in FKR, see Section 6.2, 
assumes that the charge is placed in contact with the slab. In contrast the expressions 
given in UFC and Cormie et al. depend on the distance from the charge and slab 
surface. Nevertheless, it is possible to make a direct comparison of these empirical 
expressions by assuming a geometric shape of the charge, and based on this determine 
the distance from the charge centre point and the slab surface. Here, the charge is 
assumed to be made of a cylinder with height and diameter equal to TNT, see 
Figure 7.20. The density of TNT is ρTNT = 1630 kg/m
3
 which means that the geometric 
size of the charge can be determined as 
3/1
4 







TNT
TNT
W


  (7.19) 
where W is the charge weight in kg TNT. The distance rTNT between the charge and 
the slab can then be determined as 
2
TNT
TNTr

  (7.20) 
hl 
TNT 
TNT 
Charge 
Slab 
rTNT 
 
Figure 7.20 Definition of assumed charge geometry and distance rTNT between 
charge and slab when the charge is placed in contact with the slab.  
In Figure 7.21 and Figure 7.22 the required slab thicknesses to avoid spalling and 
breaching, respectively, are compared in a case where the charge is placed in contact 
with the slab and the concrete strength is fck = 50 MPa.  
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Figure 7.21 Comparison of required slab thickness to avoid spalling in a case 
where the charge (W = 5-40 kg TNT) is placed in contact with the slab 
and fck = 50 MPa.  
 
Figure 7.22 Comparison of required slab thickness to avoid breaching in a case 
where the charge (W = 5-40 kg TNT) is placed in contact with the slab 
and fck = 50 MPa.  
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From Figure 7.21 and Figure 7.22 the ratio of required slab thickness for FKR and 
UFC can be calculated to be  
8.1
,
,

UFCspall
FKRspall
t
t
 (7.21) 
4.02.0
,
,

UFCbreach
FKRbreach
t
t
 (7.22) 
while it for FKR and Cormie et al. can be calculated to be  
1.1
,
,

Cospall
FKRspall
t
t
 (7.23) 
6.0
,
,

Cobreach
FKRbreach
t
t
 (7.24) 
Accordingly, it is clear that FKR and Cormie et al. produce results that are fairly 
similar while the results for UFC deviate rather much for the cases studied. Further, 
comparing the results in UFC for spalling and breaching it is evident that these 
expressions give strange results since they state that the required slab thickness to 
avoid breaching is larger than to prevent spalling. Consequently, it seems that the 
expressions given in UFC are not valid for the studied combination of charge weight 
W and distance r used in this study (even though the limitations of ψ set in Section 6.4 
are fulfilled). 
 
7.5.1.2 Comments 
The expressions given in FKR for a charge in contact with concrete slab gives results 
that are fairly similar to those obtained using the expression presented in Cormie et al. 
Based on this it is believed that the expressions in FKR are appropriate to use. 
 
7.5.2 Charge at a distance from slab 
7.5.2.1 Comparison 
The expressions given in FKR are based on a case where the charge is placed in 
contact with the slab. Hence, no comparison with FKR is possible for a case where the 
charge is placed at a distance from the slab. However, it is still of interest to compare 
UFC and Cormie et al. for such a case, if nothing else since there is such a large 
deviation between them when the charge is placed in contact with the slab, see 
Section 7.5.1.  
In Figure 7.23 and Figure 7.24 a comparison is made of the expressions presented in 
UFC and Cormie et al. for various charge weights and distances when the concrete 
strength is fck = 50 MPa. From this it can be seen that the required slab thickness for 
the different expressions are relatively similar; much better correspondence here than 
what is the case in Section 7.5.1. 
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Figure 7.23 Comparison of required slab thickness to avoid spalling in a case 
where the charge (W = 100-500 kg TNT) is placed at a distance of 
r = 0.5-4 m from the slab.  
 
Figure 7.24 Comparison of required slab thickness to avoid breaching in a case 
where the charge (W = 100-500 kg TNT) is placed at a distance of 
r = 0.5-4 m from the slab.  
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From Figure 7.23 and Figure 7.24 the ratio of the required slab thickness for Cormie 
et al. and FKR and UFC can be calculated to be  
4.18.0
,
,

UFCspall
Cospall
t
t
 (7.25) 
4.16.0
,
, 
UFCbreach
Cobreach
t
t
 (7.26) 
Hence, it can be concluded that the expressions in UFC and Cormie et al. corresponds 
better with each other when the charge is placed with a distance from the slab. 
 
7.5.2.2 Comments 
No comparison is possible to make with FKR regarding spalling and breaching for a 
charge placed at a distance from slab. It can be concluded, though, that the resulting 
slab thicknesses obtained in the case study are fairly similar in UFC and Cormie et al.  
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8 Conclusions 
8.1 Summary of comparisons 
8.1.1 General 
The Swedish Fortification Agency’s design regulation for impulse loaded structures, 
FKR 2011 (FKR) has been compared with some other design regulations. The main 
subjects compared were how the different regulations treated material strength, 
bending moment, shear and spalling/breaching. The comparisons were made based on 
the concept/expressions used in the respective regulations, and using several case 
studies of a simply supported slab strip of different geometry, concrete strength and 
reinforcement amount. In Section 8.1 the observations made, and conclusions drawn 
from this, are presented, and in Section 8.2 the changes proposed for FKR are 
summarised.  
 
8.1.2 Material strength 
 In none of the regulations compared high strength concrete or fibre reinforced 
concrete is treated. In FKR the concrete strength is limited to fck ≤ 50 MPa and 
in Eurocode 2 and Cormie et al. the limitation is set to 90 MPa; in UFC no 
upper limit is explicitly mentioned. 
 In FKR, no strain rate effects or reinforcement strain hardening effects are 
taken into account; this is the case, though, in both UFC and Cormie et al.  
 The influence of different design material strength is negligible for concrete 
but apparent for reinforcement. The latter is mainly due to strain rate effects. 
 
8.1.3 Bending moment 
Moment capacity 
 The same concept is used in all the regulations compared and similar results 
are obtained. The deviation in results obtained is mainly related to different 
design material strengths.  
Plastic deformation capacity 
 There is a considerable deviation in plastic deformation capacity in the 
regulations compared; where the capacities provided in FKR are among the 
largest. In other regulations, though, there is a requirement of shear reinforce-
ment present in the structure in order to benefit from these large capacities. 
This, though is not the case in FKR.  
 If a one-way slab strip with fixed boundary conditions would have been 
studied, the plastic deformation capacity in FKR would have been 
substantially smaller compared to UFC and Cormie et al.  
 The conceptual model to determine the plastic deformation capacity in FKR is 
sound. Hence, it is not recommended that the current method is changed in 
order to use that presented in e.g. UFC. 
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 Due to less ductile reinforcement used in Sweden today, some caution is 
appropriate regarding the use of expressions for plastic deformation capacity 
in FKR. If older type of reinforcement is used (e.g. Ks 40) the expressions 
given in FKR can probably be used. 
Stiffness 
 The elastic stiffness used in FKR is based on a mix of an uncracked (10-20 %) 
and a cracked (80-90 %) cross section. This is believed to be a rather realistic 
approximation; and hence, appropriate to use. 
Reinforcement amount 
 The expression used in FKR to determine minimum reinforcement amount is 
incorrectly based on fck; this should be replaced with fck,cube. The minimum 
reinforcement amount in FKR is notably smaller than in the other regulations 
compared; this deviation also increases with increased concrete strength. The 
concept used to determine the minimum reinforcement amount is known for 
the other regulations but not for FKR.  
 The maximum reinforcement amount in FKR is considerably lower than in the 
other regulations compared. The current limitation is based on the reasoning 
that plastic deformation capacity due to concrete failure should be avoided. 
However, this is an unnecessary demand and the maximum reinforcement 
amount could, thus, be increased.  
 For a structure subjected to impulse loading it is advantageous to use a small 
reinforcement amount. For a structure whose main purpose is to withstand 
impulse loading from an explosion (e.g. fortification or civil defence shelter) it 
may therefore still be recommended to use the current limitation of 0.5 % in 
reinforcement amount. However, an increased maximum limitation would 
make it easier for certain civil structures (e.g. road traffic tunnels), which 
normally contain larger reinforcement amounts than that, to also make use of 
the recommendations in FKR.  
 
8.1.4 Shear 
Concrete shear strength 
 The concrete shear capacity obtained using FKR is considerably larger than 
the capacity obtained in the regulations compared. In FKR the span length 
influence the concrete shear strength; a parameter that does not have any 
influence at all in the other regulations compared.  
 The expression used in FKR to determine the concrete shear strength is in 
practice a scaling of the shear compression failure, and is very different to that 
of a flexural shear crack, which is used in the other regulations compared. This 
approach may be reasonable to use close to the support but not in a general 
section.  
 The shear utility ratio obtained when using FKR is very unstable; in many 
cases the effect of a changed parameter is the opposite in FKR in relation to 
the other regulations compared. 
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 Based on the result instability observed when using FKR and the large 
differences obtained compared to the other regulations compared, it is 
recommended to modify the method in FKR for the control of shear forces. 
This change can e.g. be to use the concept described in any of the other 
regulations compared in this report or it can be a combination of that and a 
newly developed concept as briefly described below: 
o As a basis use the concept of equivalent static load to determine the 
design shear force and Eurocode 2 to determine the shear strength in 
impulse loaded structures. Such an approach would rather well 
correspond to the control of the plastic deformation phase in FKR.  
o In order to take into account the possible effect of the initial loading 
close to the support in the elastic deformation phase the concept used 
in FKR may perhaps still be used. However, it is recommended to 
investigate whether the current concept can be further developed. Such 
a development could possibly be in line with what is currently used in 
FKR for barriers (i.e. members with high cross section in relation to its 
span length), where the internal energy capacity of the compressive 
strut is regarded instead of just its maximum static load capacity. 
Reinforcement shear strength 
 Due to considerable differences in the concept and results obtained for the 
concrete shear strength the reinforcement shear strength has not been further 
compared in this report. It can be concluded, though, that the method used in 
FKR is complex and less intuitive than what is the case in the other regulations 
compared. This complexity is further enhanced due to unclear explanation and 
direction in the current version of FKR. 
Direct shear 
 The concept of direct shear is not treated in FKR. However, the expressions 
used for this in UFC and Cormie et al. is more or less the same as the one used 
in FKR for compressive shear failure. Hence, it is here interpreted that these 
expressions fill the same purpose; and consequently, the control for direct 
shear cracks is indirectly already included in FKR.  
 In UFC and Cormie et al. there are certain requirements on inclined shear 
reinforcement close to the support in order to handle shear cracks. However, it 
is not believed that there is a need to include such requirements in FKR. 
 
8.1.5 Spalling and breaching 
Charge in contact with slab 
 The expressions given in FKR gives results that are fairly similar to those 
obtained in Cormie et al.; and hence, it is believed that the expressions in FKR 
are appropriate to use. 
Charge at a distance from slab 
 The expressions given in FKR are based on a case where the charge is placed 
in contact with the slab; and hence, no comparison is possible for a case where 
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the charge is placed at a distance from the slab. A comparison between UFC 
and Cormie et al., though, shows that they produce fairly similar results.  
 
8.2 Proposed changes to FKR 
8.2.1 General 
 Since Eurocode 2 is in full use in Sweden today it is generally recommended 
that an rapprochement of FKR is made with Eurocode 2. Hence, where 
changes are made in FKR it is recommended to consider if the corresponding 
method used in Eurocode 2 also can be used in FKR. This is e.g. the case for 
moment and shear capacity for the plastic deformation phase, minimum 
reinforcement amount for bending and moment of inertia in a cracked cross 
section. For shear capacity in the elastic deformation phase another method 
than those given in Eurocode 2 is still needed. 
 
8.2.2 Material strength 
 The increased strength due to high strain rate might be worth including in 
FKR. If so it is recommended that such a concept is implemented only for 
cases where it is clear that high strain rates will be obtained. For which cases 
such an increase would be suitable, though, have not been studied in this 
report.  
 It would be of interest to incorporate the use of higher concrete strength in 
FKR and also the effect of fibre reinforced concrete. 
 
8.2.3 Bending moment 
Moment capacity 
 The expression used in FKR to determine the moment capacity is an 
approximation. Although there is only a minor discrepancy it is still 
recommended to change to the expressions used in Eurocode 2 in order to 
better reflect a correct equilibrium case. If an increase in maximum 
reinforcement amount is implemented this becomes more important. 
Plastic deformation capacity 
 The average reinforcement strain should be reduced to better reflect the strain 
observed in experiments. A value of εsu = 30 ‰ is proposed. 
 The expression previously used in Bk 25 for control of concrete compression 
failure should be reintroduced. The general versions of this expression and that 
for reinforcement rupture are recommended to be used.  
Stiffness 
 No changes recommended; the current method is appropriate to use. 
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Reinforcement amount 
 In the current expression in FKR to determine minimum bending 
reinforcement amount, see equation (4.3), fck should be replaced with fck,cube.  
 The minimum reinforcement amount is currently somewhat low and it is 
recommended that it is increased; e.g. in line with what is proposed in 
Eurocode 2.  
 In order to improve the possibility to increase FKR it is suggested that the 
maximum reinforcement amount allowed is increased to ρmax ≈ 1.0 %. The 
current maximum amount of 0.5 %, though, can still be recommended to be 
used in structures whose main purpose is to withstand impulse loading from 
e.g. explosions. Such a change would increase the possibility to use FKR in 
civilian structures such as tunnels. 
 
8.2.4 Shear 
Concept for control of shear forces 
 It is recommended that the method used in FKR for control of shear forces 
should at least partly be replaced; e.g. the concept used in Eurocode 2, UFC 
and Cormie et al. is recommended to be used as a basic design (corresponding 
to the plastic deformation phase).  
 The basic concept for the initial elastic deformation phase does not have any 
equivalence in the regulations compared with in this report and can be kept. It 
should be considered, though, if it is possible to modify the current method 
and perhaps use an energy concept similar to what is currently used for 
barriers in FKR.  
 If the method used in FKR is kept the current descriptions and equations need 
to be thoroughly modified; now there are several misprints and/or unclear 
guidelines. The  
Direct shear 
 No changes recommended if current concept of initial elastic deformation 
phase is kept. 
 If the current concept of initial elastic deformation phase is removed there may 
perhaps be a need to also include a control for direct shear. 
Shear reinforcement 
 The maximum spacing of shear reinforcement is recommended to be 
smax = 0.5·d for all cases. 
 
8.2.5 Spalling and breaching 
Charge in contact with slab 
 In the current expression in FKR to determine a reduction thickness for the 
slab thickness, see equation (6.5), fck should be replaced with fck,cube. 
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8.3 Suggestions for further research 
Based on the comparisons made in this report it can be concluded that there are some 
distinct areas which are of special interest for further research that can be 
implemented in FKR: 
 Plastic deformation capacity 
 Control of shear capacity  
 Material properties 
These areas are briefly discussed below. 
 
Plastic deformation capacity 
The plastic deformation capacity is of essential importance for a structure to 
effectively resist impulse loading. The method used in FKR to determine this 
parameter was originally developed for another, more ductile, type of reinforcement 
than that used in Sweden today. Hence, there is need to update the current method 
with regard to this change.  
 
Control of shear capacity 
The method used in FKR to control the effect of shear is conceptually rather different 
to that used in other regulations. The comparisons made in this report indicate that the 
current method used in FKR need to be modified. One possible way to do this could 
be to accept a method described in another regulation.  
However, a unique aspect of FKR is that it strive take into account the effect of initial 
loading in the elastic deformation phase; something that is not explicitly handled at all 
in any of the other regulations compared in this report. Even though this aspect is 
unique it is still believed that there is need to further look into the model of how to 
determine both the design shear force and the design shear strength. 
 
Material properties 
Based on the regulations compared in this report it can be concluded that there is a 
lack of information of how to handle high strength concrete and fibre reinforced 
concrete in structures subjected to impulse loading. Therefore, this is a field in which 
there is need for further research; is it possible to use the same type of models applied 
for normal strength concrete or is there need to change these in order to make use of 
concrete with different material properties.   
Another part of the material strength is how to handle the effect of high strain rates. 
Such effects are currently not explicitly included in FKR. It can be worthwhile, 
though, to consider incorporating such effects to some degree. For what cases and 
how this should be done, though, has not been further treated in this report and is 
therefore a possible area for further studies. 
 
CHALMERS, Civil and Environmental Engineering, Report 2016-16 83 
9 References 
Al-Ermani M., Engström B., Johansson M., Johansson P. (2011): Bärande konstruk-
tioner, Del 2. Chalmers University of Technology, Division of Structural 
Engineering, Report 2011:1, Göteborg.  
ACI 318-11 (2011): Building Code Requirements for Structural Concrete (ACI 318-
11) and Commentary. American Concrete Institute, ACI-318-11, August 2011, 
Farmington Hills, MI, USA.  
Ansell A. och Svedbjörk G. (2000): Statisk provning av fritt upplagda plattstrimlor av 
betong med armering av varierande seghet (Static testing of simply supported slab 
strips of concrete using various reinforcement ductility. In Swedish). Avdelningen 
för Betongbyggnad, Kungliga Tekniska Högskolan, Teknisk rapport 2000:16, 
Stockholm, 50 sid. 
Ansell A. och Svedbjörk G. (2003): Statisk och dynamisk provning av fritt upplagda 
plattstrimlor med varierande betongkvalitet och armeringskonfiguration. (Static 
and dynamic testing of simply supported slab strips with varying concrete strength 
and reinforcement configurations. In Swedish). Avdelningen för Betongbyggnad, 
Kungliga Tekniska Högskolan, Teknisk rapport 2003:8, Stockholm, 57 sid. 
Ansell A. och Svedbjörk G. (2005): Statisk provning av fritt upplagda plattstrimlor 
med varierande tvärsnittsareor (Static testing of simply supported slab strips with 
varying reinforcement amount. In Swedish). Avdelningen för Betongbyggnad, 
Kungliga Tekniska Högskolan, Teknisk rapport 2005:6, Stockholm, 58 sid. 
Cormie D., Mays G., Smith P. (2009): Blast Effects on Buildings, Second edition. 
Thomas Telford Ltd, London, UK. 
DOD (2008): Structures to Resist the Effects of Accidental Explosions. UFC 3-340-
02, Departement of Defense, USA.  
Fortifikationsförvaltningen (1973a): Provisoriska anvisningar för dimensionering av 
armerade betongkonstruktioner som skydd mot verkan av konventionella vapen 
inom närmissområde (Preliminary instructions for the design of reinforced 
concrete structures as protection against the effect of conventional weapons. In 
Swedish). Fortifikationsförvaltningen, Befästningsavdelningen, Publ nr 25:1 
Bk/1973, Stockholm. 
Fortifikationsförvaltningen (1973b): Provisoriska anvisningar för dimensionering av 
armerade betongkonstruktioner som skydd mot verkan av konventionella vapen 
inom närmissområde - Kommentarer. (Preliminary instructions for the design of 
reinforced concrete structures as protection against the effect of conventional 
weapons - Comments. In Swedish.) Fortifikationsförvaltningen, Befästnings-
avdelningen, Publ nr 25:2 Bk/1973, Stockholm. 
Fortifikationsverket (2011): Fortifikationsverkets konstruktionsregler FKR 2011 
(Swedish Fortifications Agency Building Regulations. In Swedish). 
Dnr 4535/2011, Eskilstuna. 
Johansson M. (2014): Frågor och svar (Questions and answers. In Swedish). 
Myndigheten för samhällsskydd och beredskap, Document B01-103, 2014-04-16, 
Karlstad. 
84 CHALMERS, Civil and Environmental Engineering, Report 2016-16 
Johansson M. (2015a): Moment och tvärkraft (Moment and shear force. In Swedish). 
Myndigheten för samhällsskydd och beredskap, Document B06-201, 2015-08-06, 
Karlstad. 
Johansson M. (2015b): Enkelspänd betongvägg (One-way supported concrete wall. In 
Swedish). Myndigheten för samhällsskydd och beredskap, Document B05-101, 
2015-08-06, Karlstad. 
Johansson M. och Laine L. (2012): Bebyggelsens motståndsförmåga mot extrem 
dynamisk belastning, Del 3: Kapacitet hos byggnader (The resistance of housing 
settlement subjected to extreme dynamic loading. Part 3: Building capacity. In 
Sweidsh.). Myndigheten för samhällsskydd och beredskap, Publ. no MSB 0142-10, 
Karlstad. 
MSB (2014): Skyddsrum SR 15 (Civil defence shelter SR 15. In Swedish). 
Myndigheten för samhällsskydd och beredskap, MSB, Publ. no. MSB748, 
Karlstad. 
SIS (2008): Eurocode 2: Design of concrete structures – Part 1-1: General rules and 
rules for buildings. SIS Swedish Standards Institute, SS-EN 1992-1-1, Stockholm. 
SIS (2014): Fibre Concrete – Design of Fibre Concrete Structures. SIS Swedish 
Standards Institute, SS 812310:2014, Stockholm. 
Svedbjörk G. (2012): Personal communication. Senior structural engineer with more 
than 40 years experience of impulse loaded structures, Grontmij, Eskilstuna. 
Svedbjörk G. (2014): Ändring av Fortskydd kap 3.2.1.1 – Underlag till förslag om 
tillåten plastisk nedböjning i armerade betongplattor (Changes in Fortskydd 
Section 3.2.1.1: Documentation for proposal on the allowable plastic deformation 
in reinforced concrete slabs. In Sweidsh). Grontmij, 2014-11-28, Eskilstuna.  
Svedbjörk G. (2016): Personal communication. Senior structural engineer with more 
than 40 years experience of impulse loaded structures, Sweco, Eskilstuna. 
 
 
